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A study of the physical properties of protoplasm requires for its foun- 
dation a knowledge of the consistency of protoplasmic structures in the 
living cell. Barber’s pipette holder, a mechanical device for manipu- 
lating microscopically fine pipettes and glass needles in a hanging drop 
has proved most valuable for this purpose as with it one may dissect 
living cells under direct microscopic observation. The technique used 
will be described in a paper which will shortly appear. One must be 
fully alive to the difficulty of discriminating between protoplasmic 
structures and artifacts frequently produced during dissection. Con- 
siderable experience was, therefore, found to be necessary for a proper 
interpretation of the results obtained. 

Marine invertebrate and plant ova lend themselves well to micro- 
vivisecticn as their post-operative development is easily followed. The 
bulk of this paper, therefore, deals with results obtained from studies 
on the protoplasm of Asterias and Arbacia ova at Woods Hole and that 
of Echinarachnius, Cerebratulus and Fucus ova at South Harpswell. 

It is remarkable how much tearing and pulling with a needle living 
protoplasm will undergo without showing injury. One may puncture 
a cell with a needle and drag the needle through the cytoplasm back 


1 This paper is based on the work of two summers at Woods Hole Marine Bio- 
logical Laboratory, and one summer at the South Harpswell Laboratory. The 
writer wishes to express his indebtedness to Prof. F. R. Lillie for accommodation 
at Woods Hole and to Prof. H. V. Neal for ‘acilities accorded at South Harpswell. 
An abstract was read before the American Physiological Society, December, 1916. 
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and forth cutting through the sides of the cell and if the procedure be 
slow and gradual the tear closes up behind as the needle proceeds and 
the process may be continued almost ad libitum without producing an 
ill effect. If, on the other hand, the needle be carried rapidly through 
the cytoplasm, a few thrusts only are necessary to induce rapid disor- 
ganization. The effects of injury are probably cumulative. If in- 
jurious effects be made to follow one another without giving the cell 
time for recovery, the additive effects of the injury soon manifest them- 
selves in disorganization of the protoplasm resulting in the death of the 
cell. 

The cytoplasm. In the marine eggs studied, the protoplasm consists 
of a hyaline fluid matrix in which are imbedded granules of various 
sizes. The fluid offers no perceptible resistance to the needle and an 
indication of its very slight viscosity lies in the fact that when the needle 
is moved through the fluid, the only granules displaced are those in the 
immediate vicinity of the needle. The fluid is water miscible. If, for 
example, the cell surface be torn, the interior cytoplasm pours out 
and mixes completely with the surrounding water. Also, if a drop of 
water be injected slowly and gradually into the egg by means of the 
mercury injection method, the water diffuses throughout the cytoplasm 
diluting it. A dilution can be produced in this way sufficient to pro- 
duce Brownian movement of the imbedded granules. The surface film 
of such an egg is so much weakened that a mere touch suffices to burst 
it open when everything except the smallest granules disappears in 
solution. This water soluble hyaline protoplasm coagulates with ease 
on mechanical injury. Mere compression will often cause an egg to 
coagulate into a solid mass. It can then be cut into pieces which hold 
their shape. This is apt to lead one to the erroneous conclusion that 
the substance of a cell is‘usually a solid protoplasmic gel. 

When a concentrated aqueous solution of neutral red or brilliant 
cresyl blue? is injected into the interior of an egg, the dye spreads from 
the tip of the pipette diffusely staining the hyaline cytoplasm. Within 
a few seconds a granule here and a granule there begins to stain. Ina 
short time all the dye is taken up by the scattered granules leaving the 
cytoplasm colorless. At the tip of the needle where the concentration 
of the stain is at its greatest all the granules finally stain. Elsewhere 
colorless granules lie scattered among the colored ones. The stain is 


? For the use of the brilliant cresyl blue and for noting the effect of acetic acid 
on the macrosomes, I am indebted to Mrs. M. R. Lewis. 
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VISIBLE STRUCTURE OF CELL PROTOPLASM 


never permanent. Within a few minutes to an hour, depending on the 
amount injected, the stain completely fades away. A continuously 
stained condition can be maintained only by the presence of a superfluity 
of the dye. 

The granules in the cytoplasm of the eggs studied vary considerably 
within certain limits in size (fig. 1). They have been described by E. 
B. Wilson (2) and Kite (6). One may classify them into two groups 
The smallest granules or microsomes, as they may be called, are minute 
specks considerably below | uw in diameter but plainly visible with the 
high powers of the microscope, their refractive indices differing consid- 
erably from that of the surrounding cytoplasm. The larger granules 
or macrosomes (Wilson’s alveolar spheres), vary from 2 to 4 uw in 


‘ 
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Fig. 1. Illustrating the protoplasm of a living Echinarachnius egg with 
microsomes and translucent macrosomes (the latter 2 to 4 in diameter) crowded 
together in a hyaline fluid. 


diameter and may be circular, oval or irregularly polygonal in shape, 
exhibiting simple outlines with no diffraction rings. They are closely 
crowded throughout the egg and among them are scattered the micro- 
somes. The macrosomes, constantly but in almost imperceptible de- 
grees, change in shape and position and it is probable that they are 
as constantly disappearing and reappearing in the hyaline cytoplasmic 
matrix. They are very translucent in Echinarachnius and so contrib- 
ute to the remarkable transparency of the egg. In the Cerebratulus 
egg they are comparatively opaque. 

The difference between the micro and macrosomes is brought out 
most prominently on injury of the cell by acids or by the needle. If a 
hanging drop of sea water containing eggs be subjected to the fumes of 
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acetic acid for a few seconds, the macrosomes quickly disappear leav- 
ing the microsomes in a hyaline coagulated mass of cytoplasm. The 
dissolution of the macrosomes occurs also when disorganization of the 
protoplasm is induced by rapidly repeated tearing of the cytoplasm 
with the dissecting needle. The macrosomes swell and gradually but 
rapidly fade into the surrounding cytoplasm which now becomes very 
liquid and in which the microsomes exhibit a dancing Brownian move- 
ment. The disorganized area then spreads on all sides, and, if the 
initial injury be extensive and no protective membrane intervenes (see 
farther on), soon involves the entire cell. If the injurious tear be such 
as to destroy the surface film in one spot, the disorganized liquefied 
cytoplasm flows out and mixes completely with the sea water and, in a 
few seconds the entire cell, except for the dancing microsomes, disap- 
pears from view, The microsomes appear to be the most resistant 
structures of the cell. 

Wilson’s conclusions (2) that there exists “‘a complete gradation in 
‘down to 


size from the largest alveoli’’ (macrosomes, as I call them) 
the microsomes” is based, I believe, on a misconception derived from 
crushing protoplasm. On crushing protoplasm, the macrosomes go 
into solution and the disintegrating protoplasm as it flows out, tends 
to break up into spherules of varying sizes, by the formation of surface 
films. These spherules vary extremely in size and may fuse with one 
another on touching. They swell readily in water or may coagulate 
and are quite different from the macrosomes of the uninjured egg. 
Kite (3) describes the formation of more or less rounded masses in dy- 
ing Asterias eggs and rightly distinguishes them from structures nor- 
mally present in protoplasm. 

Frequently before all the disorganized cytoplasm has poured out 
and mixed with the surrounding water, the outflow ceases and the whole 
mass changes into a solid coagulum which may or may not show a 
network structure. The complexity in constitution of the protoplasm 
must account for the fact that a very slight difference in the manner of 
injury, or in the state of the protoplasm, at the time of injury may pro- 
duce such widely differing end results, viz., a coagulation into a solid 
jelly or a complete dissolution into the surrounding medium. The co- 
agulum consists of a hyaline gel with granules arranged in a delicate 
meshwork. Occasionally upon disintegration the cytoplasm begins to 
set before the macrosomes have quite gone into solution. Such a mass 
often resumes dissolution with a succession of peculiar spasmodic jerks 
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apparently due to the macrosomes which, here and there, swell and 


carry into solution regions surrounding them. 

In cells killed by fixing renugents, the death changes take place with- 
out destruction of the cell wall. If the fixing agent act rapidly, the mac- 
rosomes tend to swell simultaneously and coagulation sets in before 
the microsomes are irregularly dispersed, The precipitation network 
incident to coagulation is produced regularly and the result is a fairly 
symmetrical alveolar structure with microsomes imbedded in’ the 
alveolar walls. Flowing may occur in the disintegrated eytoplasn it 
the fixing agent be slow in producing coagulation and a Variety ol dis 
torted figures may result. The prolonged action of acetie or hydro- 


chlorie acid tends to dissolve the microsomes and, with various fixine 


Fig. 2. Drawing of a sector of an Echinarachnius egg in the astral stage fixed 
in Bouin’s picroformol and stained with iron hematoxylin. The effect of fixation 


is seen in the fibrous appearance of the astral rays and in the network structure 


of the coagulated cytoplasm. 


reagents, a variation in coagulation effects occurs so that one obtains 
granular and network precipitates which may simulate protoplasmic 
structure but in reality completely mask it and often lead to erroneous 
conclusions regarding cell inclusions. 

The cell asteris a structure whose nature is entirely masked on fixa- 
tion. In the living cell the rays are probably paths due to a centripetal! 
flow of a hyaline fluid in an otherwise temporarily gelatinized eytoplasm 
When a cell containing an aster is fixed, the reagent used disorganizes 
the cytoplasm in the way deseribed above. The rays are then com- 
pressed between artificially produced alveoli, and their substance be 
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ing precipitated, gives the appearance, familiar in fixed material, of 
fibers or rows of granules which seem to merge peripherally into an 
alveolar network (Fig. 2). 

An acid reaction of protoplasm on mechanical injury can be demon- 
strated in the Arbacia egg where many of the macrosomes are deep 
reddish brown chromatophores. On injury to the cell, the color diffuses 
into the liquid cytoplasm, changing from brown to an orange p nk 
hue,® denoting a distinct increase in acid reaction. Also in cells whose 
granules are stained wth neutral red, injury causes the dye to diffuse 
out of the macrosomes as they dissolve and give to the liquid cytoplasm 
a rose color. Acid fuchsin also, which is avidly taken up by acid reg- 
ions, stains the injured disorganized cytoplasm while the normal cyto- 
plasm remains colorless. 

The peripheral layer of the cell. The surface layer of the egg cells stud- 
ied is very dense in consistency as compared with the cell interior into 
which it merges insensibly. In the unfertilized egg, the cell granules 
are imbedded in it up to the very line of division between the egg and 
surrounding medium. With the needle the surface may be pulled out 
into long strands without otherwise disturbing the contour of the cell. 
On being released the strands tend to curl and retract slowly till they 
disappear. Ifa more rapid tear be made, and if the cell be under com- 
pression, the spot torn bulges out as the internal cytoplasm presses on 
the weakened surface. The surface layer of the swelling protuberance 
is very easily broken, upon which the interior may pour out. The 
cytoplasm then either disintegrates entirely in the surrounding water or, 
if remaining normal, reéstablishes a film on its surface. When left 
undisturbed the new surface film gradually strengthens into a definite 
ectoplasmic layer and the protuberance slowly retracts until the origi- 
nal contour of the egg is reéstablished. If the point of attachment of 
the protuberance be small, the protuberance may be pinched off to 
form a spherule of cytoplasm which to all appearances is normal. 

If a tear of the surface layer or of any part of the cytoplasm be 
so injurious that disorganization sets in, a film may form around 
the disorganized area separating it from the sound cytoplasm. The 
recovery of an injured cell is only brought about by the formation of a 
membrane-like film which prevents extension of the injury. A sue- 


3 This color reaction can be demonstrated in an aqueous suspension of the 
echinochrome made by drawing off a quantity of the colored body fluid into dis- 
tilled water. 
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cession of films may form, as one after the other, they suecumb to the 


steady advance of the destroying process and the film which finally 
holds out may enclose only a fraction of the original cell but what it 
encloses will be normal protoplasm. The retention of the forming sur- 
face film is aided by the presence of solid structures in the cytoplasm. 
These act as bases which shorten the span to be bridged over by the 
new film. In the mature fertilized egg, the developing sperm aster 
which is a gelatinized ball of cytoplasm frequently acts in this way. 

When the surface layer is injuriously torn and the disorganized in- 
terior cytoplasm flows out, the torn edges of the surface layer curl out 
and rapidly dissolve, upon which the entire cell disappears in the sur- 
rounding water. If the disorganization of the interior has been pro- 
duced without destruction of the surface layer, the surface often becomes 
transformed into a rigid coagulum enclosing the fluid products of the 
disintegrated protoplasm. 

The readiness with which the surface film can be reformed is seen in 
the following experiment on the unfertilized mature Arbacia egg. If 
an egg be compressed in a hanging drop and then pushed along with 
a blunt needle, peculiar currents can be produced in the egg substance. 
The currents pass directly from the pushing object in a straight line 
through the egg to the anterior end where they curve outward and 
flow back along the surface to be caught again in the flow from the 
pushing object. The egg surface is thus being continually reformed 
by an outflow of its interior, much as the falling sides of a fountain of 
water are formed by the jet that is streaming up at the centre. The 
readiness, however, with which the internal cytoplasm may be trans- 
formed into the substance of the surface layer is limited. If the egg 
be pushed beyond this limit no surface layer forms and the cytoplasm 
at once disorganizes and dissolves in the surrounding water. If one 
stops before reaching this limit, the egg can be made to round up and 
will continue a normal existence. 

In protozoa, the surface layer of protoplasm, the ectoplasm, is very 
pronounced. If the ectoplasm of Paramoecium bursaria be torn, inter- 
nal pressure causes the endoplasm to flow out through the tear which 
is at first a gaping hole in the ectoplasm. The contractility of the 
ectoplasm, however, is such that the torn rim curves in. In this way 
the free edges of the tear tend to approach and if the tear be slight they 
meet and further outflow of the endoplasm is stopped. In time the 
concavity on the surface produced by such an injury fills out and the 
cell resumes its normal shape. If the gap in the tear be too wide for 
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this method of repair, a surface film bridging the gap forms which may 
break repeatedly until the outflow lessens the internal pressure suffi- 
ciently to allow the newly formed film to persist. Within a few hours, 
evidence of the tear is no longer visible, either the film stiffens into a 
definite ectoplasmic layer or the entire body of the cell contracts to 
bring the original edges of the gap together making the ectoplasm again 
a continuous layer. A paramoecium may be readily cut into pieces 
by squeezing it between the coverslip and a fine glass rod, or a knife 
which is not sharp enough to cut through the ectoplasm. The knife 
edge bears down upon the surface of the cell until the floor of the groove 
formed touches the ectoplasm on the other side. The surfaces of con- 
tact fuse and further pressure of the knife separates the cell into two 
portions possessing no gap through which the fluid endoplasm may 
escape. The cautions usually given in the technique of cutting up 
protozoa is significant when we bear the above in mind. The knife 
must be as sharp as possible (which will still be blunt from the point 
of view of the paramoecium), the cutting edges must be free from nicks 
and, in cutting, the experimenter must bear down upon the knife 
without giving it a drawing movement. Either of the two latter pre- 
cautions, if unheeded, prevents a continuous surface of contact for the 
ectoplasmic layer of opposite sides and when the knife is removed 
the endoplasm will flow out through the gap thus destroying the cell. 
In the marine ova studied, the ectoplasmic layer is very thin but the 
same condition holds true, viz., that cut pieces will persist only when 
the cut surface can be bridged over by a morphologically definite film. 

In summary, we may say that the surface layer is a highly extensile, 
contractile and viscous gel capable of constant repair. Its establish- 
ment and maintenance is a property essential to protoplasm. With 
the film intact the mass of protoplasm maintains itself and the life of 
the cell is assured. When the film is destroyed the cytoplasm flows 
out, the macrosomes swell and disappear, the whole mass completely 
disorganizes and disappears in solution in the surrounding water.‘ 

In regard to the difference in permeability of the surface layer of a 
cell and its interior, I have so far only tested the diffusion of the three 


4 Kite describes the cytoplasm of the Asterias eggs as ‘‘a quiet translucent gel 
which can be cut into small pieces with comparative ease.’’ His paper is a pioneer 
one in microdissection research. The observations recorded were necessarily 
fragmentary and the differences between the surface layer of the egg and its in- 
terior as also the ease with which protoplasm forms gel membranes escaped his 
notice. 
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basic dyes, neutral red, cresyl blue and janus green (6). A droplet was 
le injected into the cell simultaneously with the application of a similar 
droplet to its external surface. For all three dyes diffusion into the 
14 cytoplasm took place equally rapidly whether applied to the egg sur- 


face or injected into the interior. 

Insect germ cells. The germ cells of. certain insects, Periplaneta, 
Disosteira and Anasa, were studied both in modified Ringer’s fluid and 
in the serous fluid of the insects used (3,4). By pricking the walls of 
the cysts in the testes, spermatocytes in different stages of development 
flow out as isolated cells. In the serous fluid they may be kept alive 
two or three days, during which all stages of cell division may be ob- 
served. Except for the nucleus and the mitochondrial network which 
surrounds it, the resting cell consists of a hyaline fluid cytoplasm. 
By very slow action with the needle, strands of protoplasm may be 
pulled out which retract on being released. Injury, however, very 
easily manifests itself upon which the cell outline fades and the cyto- 
plasm disappears in solution in the surrounding medium. 

Adult somatic cells. These vary greatly in consistency owing prob- 
ably to the amount of metaplasmic material into which their proto- 
plasm has been transformed. Of the various types, only a few possess 
the fluid consistency of embryonic and germ cell protoplasm. With 
the exception of the leucocytes, they are comparatively resistant to 
mechanical injury and are tough and fairly rigid bodies. The nerve 
cell is probably a rigid gel. The muscle fiber is also a gel. Its sub- 
stance can be easily pulled out into strands which retract completely 
when released. Continued injury causes the muscle substance to 
pass into a very rigid hyaline gel which may be cut into discrete non- 
glutinous pieces. Gland cells swell readily when punctured and torn 
with the needle. They seem to exist both in sol and gel states. Mucosa 
cells consist of a soft, very extensile gel. They tend to round up when 
isolated. The leucocyte possesses a protoplasm which is very like the 
undifferentiated protoplasm of the germ cells. If a leucocyte with 
pseudopodia be touched with the needle, the pseudopodia are retracted 
and the cell becomes spherical. If the tip of a very fine needle be 
inserted gradually into the leucocyte a puncture may be made without 
apparent injury. The diminutive size of the cell, however, renders 
necessary very little accummulation of injurious effects to disorganize 
the cell. This usually occurs with almost explosive rapidity, the 
entire cell going into solution. Dead leucocytes are coagulated bodies 
and may be cut into non-glutinous pieces. 
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The cell nucleus. Observations on the cell nucleus of all the ova 
studied agree with those of Kite (5) that the resting nucleus is hyaline 
and exists in the sol state. In the germinal vesicle of the immature 
egg a definite membrane seems to bound the nuclear substance. It is 
extensile but easily destroyed. Evidence that this membrane is a 
morphological structure is shown on withdrawing some of the nuclear 
contents with a micropipette. The nucleus then partially collapses 
throwing the nuclear surface into irregular folds. Suspended in the 
nuclear fluid in which it may be pushed about with ease is the germinal 
spot or nucleolus distinctly visible on account of the difference in its 
refractive index from that of the nuclear fluid. It frequently contains 
one or more vacuoles and does not appear to be solid for it may be cut 
into two, each part rounding up like a droplet. 

A rapid tearing of the germinal vesicle with the needle point pro- 
duces an injury which is accompanied by some remarkable changes. 
The nucleolus at once swells and fades from view, the nuclear membrane 
entirely dissolves and, as the nuclear fluid comes into contact with 
the surrounding cytoplasm, immediate disintegration takes place. The 
destructive action spreads and may involve the entire egg unless a 
protective film forms to enclose the area of destruction as in a vacuole. 
A vacuole of this kind gradually works to the surface of the egg, where 
it is eventually extruded and expelled. When this has occurred the 
egg resumes its normal appearance although smaller than before and 
minus its nucleus. The disintegrative action of the nuclear substance 
very quickly disappears on extraction from the cell. It is, however, 
possible, by acting rapidly, to produce the destruction of one cell by 
injecting into it the substance of the germinal vesicle of another cell. 
If the nuclear substance remains more than five or ten seconds in the 
micropipette it is found to be innocuous on injection. With the nor- 
mal breakdown of the germinal vesicle in the maturing egg, the cyto- 
plasm acquires an increased sensitiveness to injury by the needle. 
This sensitiveness gradually passes off during the polar body formation. 

In the mature egg both nucleus and cytoplasm are comparatively 
resistant to injury. The nucleus is a hyaline sphere which behaves 
like an immiscible fluid drop in the cytoplasm. One may divide it 
into two and each part rounds up into a droplet. On coming into con- 
tact the droplets run together. Such a process is no hindrance to 
normal nuclear activity, for in one case an egg so treated was sub- 
sequently fertilized and segmented normally. Rapid thrusts of the 
needle into the nucleus cause injury, which manifests itself either in 
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a swelling followed by complete dissolution or a rapid coagulation 
with the production of a granular meshwork precipitate simulating 
the nuclear network of fixed cells. 


SUMMARY 


1. Protoplasm is a hydrophilic colloid which, in early germ cells, 
egg cells and Protozoa, usually exists in the sol state with a surface 
layer in the gel state. Adult somatic cells generally are gels in which 
one cannot demonstrate a cell membrane possessing a consistency 
different from that of the cytoplasm within. 

2. The microscopically visible granules in the cytoplasm of the egg 
of Arbacia may be classified into two groups: (a) The microsomes, 
which are considerably less than one micron in diameter and constitute 
the most resistant parts of the cell maintaining themselves after com- 
plete disorganization of the cell; (b) the macrosomes, which range from 
2—4 micra in diameter and are very sensitive to injury. 

3. The external surface of the egg cell is a gel which passes gradually 
into the sol in the interior. The surface gel is very extensile and con- 
tractile and is readily regenerated on injury. Tearing of this surface, 
if unrepaired, results in the pouring out of the internal cytoplasm and 
dissolution. 

4. A remarkable property of protoplasm is its ability to form a pro- 
tective gel film not only on its external surface but also around an in- 
jured area which is in the process of disorganization. The disorganized 
mass thus insulated is eventually expelled from the cell. 

5. A continuous but gradual application of mechanical injury can 
be sustained by a cell for some time without evidence of harm done. 
A short but rapid application produces instant local destruction, the 
spread of which may involve the entire cell. 

6. Disorganization of the cytoplasm of the egg cells studied takes 
place in the following way: First, the macrosomes swell and go into 
solution, and second, the liquid hyaline cytoplasm may flow out and 
disappear in the surrounding water or it may suddenly set forming a 
rigid coagulated mass. The coagulation structure gradually coarsens 
with the production of a network or granular precipitate. 

7. Injury is accompanied by a swelling and an apparent increase in 
the acid reaction of the part involved. 

8. The comparatively rigid ectoplasm and the fluid endoplasm of 
Protozoa are directly comparable with the surface layer and the internal 
cytoplasm respectively of the marine ova studied. 
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9. The surface layer and the internal cytoplasm appear to be equally 
permeable to the basic vital dyes used. 

10. The germinal vesicle of an immature egg consists of a hyaline 
liquid enclosed in a gel like membrane. The nucleolus is an immiscible 
droplet floating in the vesicle and is very sensitive to mechanical injury. 

11. The contents of the germinal vesicle of an immature egg, if 
brought into contact with egg cytoplasm, either by mechanical rupture 
of the vesicle or by injection, produce instant destruction of the cy- 
toplasm. This is not true for the mature nucleus nor for the segmenta- 
tion nucleus. 

12. The cytoplasm of an immature egg is comparatively impervious 
. to mechanical tearing, that of a mature egg is very much more sensitive. 

13. In the mature egg the nucleus behaves as a fluid droplet whose 
substance is immiscible with the cytoplasm. It may be divided into 
two droplets which unite on touching. It coagulates with ease on 
mechanical injury. 
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ADDENDUM 


If the injection of an aqueous solution into an egg be not very carefully 
and gradually done (see page 2) the mechanical compression caused hy the 
force of the injection will produce a coagulation film about the injected droplet 
to form a vacuole. This film exhibits diosmotic properties similar to that of 
the gelled surface of the egg for, as Kite obgerved (6), such a vacuole filled 
with hypertonic sea water increases in size while one containing distilled water 
loses its water and decreases in size. 
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The ordinary plasma culture is sealed into a very small chamber of 
a hollow ground slide. The cultures are made by placing small frag- 
ments of tissue into layers of liquid coagulable plasma on the surface 
of a cover glass. The cover is placed over the hollow ground slide so 
that the tissue and the plasma hang in the hollow chamber. It is 
sealed to the slide with vaseline and paraffin (1). From the air in the 
hollow chamber the cells obtain the oxygen necessary for their activi- 
ties and it has been of interest that in such a small chamber the cells 
may continue to grow actively for several days. This observation 
had already led to the belief that these cells may grow in an atmosphere 
of a low concentration of oxygen. This belief was further substan- 
tiated by the fact that the renewal of the air had little or no notice- 
able effect on the growth or activity of the cells. 

That the oxygen essential for activity in the culture is derived from 
the air chamber was determined by placing two small glass tubes 
under the cover and replacing the air in the chamber by hydrogen and 
sealing. No growth took place in these cultures. 

A considerable amount of work has recently been done to determine 
at ordinary atmospheric pressure the per cent of oxygen necessary 
to maintain a flame as well as to maintain the life of organisms. 
Clowes (2) and Loevenhart (3) noted that aleohol ceases to burn in 
an atmosphere containing 15 per cent of oxygen. The latter author 
noted that ether and Madison illuminating gas cease to burn at 13 per 
cent of oxygen, while hydrogen continues to burn until the atmosphere 
contains 6.6 per cent of oxygen. 

With the animal conditions are different. Loevenhart found rab- 
bits would live in an atmosphere containing 3.5 per cent of oxygen, 
but that they died when this was reduced to 3 per cent. 

In the present series of experiments an attempt has been made to 
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determine the effect of pure oxygen and various partial pressures of 
oxygen on the growth of the cells in vitro. Although at the present time 
the apparatus is still not perfect and a few of the results given here 
have a slight error, it seems that in their present form they warrant 
publication. 


MATERIALS AND METHODS 


The gas and mixture of gases tested have been kept at atmospheric 
pressure. The partial pressure of oxygen has been lowered by dilut- 
ing it with nitrogen. The culture chambers used have a large air 
space, forty to sixty times as large as that of the ordinary culture 
chamber. 

To make these determinations it was necessary to prepare pure 
oxygen and nitrogen and to devise a culture from which gases could 
not diffuse. The cultures, therefore, were made in sealed glass 
chambers. 


a 


Fig. 1. a, The complete culture chamber; b, the sealed culture chamber. 


The culture chamber. The culture chamber as shown in figure 1, 
a, is blown from soft glass tubing } inch in diameter. In place of the 
cover glass used in the ordinary cultures, one small part of one side of 
the tube is blown out, made very thin and flattened. Opposite this 
place the tube is again blown out and flattened. This latter flat sur- 
face forms a base for the culture and allows free transmission of light 
which is essential for examining the cultures under the microscope. 
On each side of the central portion the tube is constricted so that it 
can be easily sealed with a small flame. Beyond this point, it is left 
full size but corrugated to allow a rubber tube to be tightly fitted. 
These culture chambers are easy of construction and are made in the 
laboratory as they are needed. 

The culture chambers thus prepared are boiled in soap and water, 
left to soak several hours in sulphuric acid, rinsed in tap and distilled 
water. They are then steamed for several minutes to remove soluble 
substances in the glass and sterilized by dry heat. 
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The oxygen is prepared by dissociating a 1 per cent 
J £ 


current. This 


Oxygen. 
aqueous solution of sulphuric acid with an electric 


method of preparing oxygen is well known. The particular apparatus 


Fig. 2. An automatic oxygen-hydrogen generator. 
used works automatically and is shown in figure 2. The current 
used is D.C. 110 volts, which has been passed through a resistance of 
one to four 16-candle power carbon lights. The apparatus is mac 
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automatic by interrupting one of the wires with a platinum pointed 
switch, which is operated by a float. 

Oxygen prepared in this manner is something over 99 per cent pure. 
It contains, however, a small amount of ozone, hydrogen and water 
vapor. Since the ozone attacks organic matter and may become in- 
jurious especially if rubber tubing is used at any point, the gas, before 
using, is bubbled through olive oil. To remove any traces of acid, it 
is further passed through a tube containing soda lime and bubbled 
through an aqueous solution of potassium hydrate 40 per cent. No 
rubber connections are used in any part of the apparatus. The ap- 
paratus is continuous except for one joint which is ground glass. 

Nitrogen. The nitrogen is commercial. It contains about 2 per 
cent of oxygen wiich is removed by bubbling the gas through several 
long cylinders containing pyrogallol and potassium hydrate. These 
are mixed according to the proportions given by Hempel (page 149) 
(4). One hundred and twenty grams of potassium hydrate are dissolved 
in 80 cc. of water. To this are added 5 grams of pyrogallol dissolved 
in 15 cc. of water. Hempel states that no carbon monoxide is formed 
when a solution of these proportions is used. To insure against this 
possibility the gas is bubbled through two cylinders containing Sand- 
meyer’s solution (Hempel, page 203) (4). It is then passed through a 
tube containing soda lime and bubbled through a solution of 40 per 
cent potassium hydrate. 

Preparation of cultures and tissues. For these experiments fragments 
of heart muscle, and skin of chick-embryos from five to sixteen days 
of age have been used. The medium is plasma prepared from the 
blood of adult chickens. When thin layers of plasma are placed in 
these large culture chambers some slight evaporation may take place. 
To prevent this from causing an injurious hypertonicity, the plasma, 
previous to being used, is diluted 0.1 with sterile distilled water. 
Fragments of both heart muscle and skin are planted in each culture. 

It is impossible to prepare these cultures in the ordinary manner. 
The method used has been to mix together quickly outside four or five 
pieces of tissue with a drop of liquid plasma. The plasma and tissue 
are then sucked, before the plasma clots, into the end of a long slender 
pipette which may be passed into the culture chamber, and the drop 
of plasma containing the tissue fragments deposited on the thin, flat 
surface which has been prepared for it (fig. 1, a). The culture 
chamber is then gently shaken so that the drop of plasma spreads in a 
layer no greater than 0.5 mm. in thickness, and the tissue fragments 
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become scattered in this layer over the surface of the glass. The 


fragments of tissue are 1 mm. or less in diameter. 

As soon as the plasma has clotted, the chambers are turned over so 
that the culture hangs into it. The side walls of the culture chamber 
are moistened with sterile water so as to further prevent as far as 
possible any evaporation of the culture medium. In each experiment, 
one, two or three cultures are used. Besides these in most instances, 
three control cultures are also prepared. The air in one of the con- 
trols is replaced by nitrogen gas. In the other it is replaced with pure 
oxygen, the third is sealed at once and acts as an air control. This 
last culture, which contains air, controls the tissue and plasma as well 
as the activity observed in the cultures where pure oxygen gas is being 
tested, but it does not control any possible toxic substances in the ni- 
trogen. An attempt to partially control this was made by substitut- 
ing air for oxygen in several experiments. It was possible by this 
means to use for the very low dilutions of oxygen a quantity of nitro- 
gen, which has been proven not to be toxic in those cultures where a 
higher partial pressure of oxygen has been tested and an active growth 
of cells has been observed. The cultures prepared have shown no 
evidence of toxic substances in the nitrogen gas. 

Since it is essential for all these determinations that the gases used 
be saturated with water vapor at the temperature at which the cells 
are grown, the measuring of gases and the filling of the culture cham- 
bers with the gas to be tested are always made in the incubator. 
The arrangement of the apparatus within the incubator is illustrated 
in figure 3. The oxygen and nitrogen are passed through slender 
glass tubes, A and B respectively, across to the middle of the incu- 
bator where they are each bubbled through cylinders containing dis- 
tilled water, c-A and c-B respectively. From the water cylinders 
the gas passes into T-tubes, one arm of each of which is open and fitted 
with a stopcock. To this open arm the cultures in which the pure 
gases are to be tested are attached. The other arm passes to the 
measuring cylinder. The measuring cylinder is arranged so that not 
only these but other gases may be tested. The gases are measured 
over mercury. In order to keep them saturated a thin layer of freshly 
boiled distilled water is run over the mercury surface before they are 
admitted. The measurements are made at the temperature of the 
incubator. The measuring cylinder is fitted at the top with a 3-way 
cock. One arm of the cock is open and to this the culture chambers 
(b) are attached, by means of a rubber tube. 
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The air in the culture chambers is replaced by pure gases or a mix- 
ture of gases in the measuring cylinder by allowing these gases to pass 
rapidly through the culture chambers at regular intervals during a 
period of one or two hours. The free open end of the culture chamber is 
fitted with a rubber tube and a piece of glass tubing. The free end 
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PARTIAL 
PRESSURE OF 
O ano N 


GROWTH 
GROWTH | 


PRESSURE 


Num- | Num- 
ber of | ber of 
cubic | cubic 
centi- | centi- 
meters | meters 
of O of N 


CENTAGE OF © BY | 
HALDANE METHOD | 

NUMBER OF EXPERI- 
OF EXPERIMENTS 
OF CONTROL (AIR) 
or O at 39°C 


CORRECTED 
| AVERAGE 
| AVERAGE 
BAROMETER 
PARTIAL 


Various times 100 0 |100.0* [764.1% |712.1° 
Various times.... 20 

Various times.... 40 | 

Various times........} 60 7 

Various times........ 80 5 

Various times 85 i++++|\++++4+ 

Various times...... 88 4 

Various times. ... 90 

June 2, 1916......... ¢ 91 | eee | 4. 

Various times....... 93 ++ | +++ 

June 21, 1916....... j 94 

June _28, 1916 j 94 

Dec. 11, 1916.... 94 i 

Dec. 12, 1916... i+| 94-| 6.6 - +++ |745.0 | 45.6 

Dec. 13,1006... 94+) 5.63 760.0 | 40.66 
Dec. 14, 1916.. 95 5.0 0 + +--+ -+-|764.1 | 35.6 

Various times.... i 95 F 0 

Various times....... 96 0 

Various times....... 100 0.40*, 50 0 


* These figures represent but one determination made in the series but since 
the other experimental conditions were constant they are representative of the 
series. 


of the latter is passed just underneath the surface of water contained in a 
small dish. After the air in the chamber has become entirely replaced by 
the gas to be tested and the medium of the culture may be assumed 
to have become saturated with this gas at atmospheric pressure, the 
culture chambers are sealed by fusing the small constricted portions 
of the tube, figure 1, b. The cultures are left in the incubator and 
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examined periodically under the microscope, which is fitted with a 
warm box. The maximum growth attained is recorded. 

The measuring cylinder used in these experiments is a large one and 
the general method of measuring the gases is not very accurate. For 
this reason the measurements were in several instances checked by 
removing a sample of the gas and determining its oxygen content by 
the Haldane method. The pure oxygen and nitrogen gases were 
also tested by the same method (see table).! 

It is also evident that in all these cultures another slight error 
must have resulted from sealing the tube and temporarily heating the 
air in the tube. This would make the actual pressure somewhat less 
than. that recorded. 


DISCUSSION AND CONCLUSIONS 


Results of the experiments are given in the accompanying table. 
Tissues of chick embryos grow somewhat better in the spring and sum- 
mer than in the winter. In the first column the date of the experiments 
is recorded. The growth is recorded in terms of the area of new cells 
which form about the fragment. Since there is no absolutely accurate 
method of measuring this, it is indicated by the relative term,+. In 
many cultures the cells grow in a single plane, while in others they 
grow in several planes and the density of the growth is not the same in 
one culture as in another. 

As indicated by the corrected readings of the oxygen percentage in 
the gaseous mixtures, column 4 of the table, many of the readings in 
column 3 are probably slightly higher than the table indicates. 

Including, however, these possibilities of inaccuracy in the measure- 
ments it seems quite evident that certain definite conclusions may be 
drawn: 

1. Cells may grow in an atmosphere of pure oxygen.’ 


1 The author is indebted to Mr. H. L. Higgins of the Department of Pediatrics 
for making these determinations. ‘ 

?During the period of the development of the method the cells were found 
not to grow in pure oxygen. The gas attacked the rubber tubing used in con- 
necting the cultures. The medium in the culture became orange red in color. 
This gas gave a definite test for ozone. It was not until the gas had been passed 
through olive oil that the results reported in the paper were obtained. Whether 
the ozone attacks the culture medium, liberating toxie substance, or whether it 
attacks the cells, was not determined. From the disintegrating rubber tubing 
SO, was liberated. The failure of growth may have been due to the presence 
of 
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2. The growth in an atmosphere of pure oxygen, although often 
slightly more rapid, is not greater than the growth in a partial pres- 
sure of oxygen no more than 9 per cent or 10 per cent. 

3. Although the growth becomes less when the partial pressure of 
oxygen is lower than 9 per cent or 10 per cent, very evident growth 
activity is seen in an atmosphere where the partial pressure of the 
oxygen is as low as 45.6 mm. Hg. 

4. A method has been devised which in its full analysis will allow 
one to study in more detail many of those conditions which regulate 
oxidation in tissue cells and to study conditions which regulate 
oxygen pressure in the tissues. 

These results have become of interest in that they show that the 
activity of the cells within the cultures is little influenced by changes 
in the oxygen concentration or partial pressure when it remains above 
a certain amount. 

Again, they are interesting in that the lowest partial pressure in 
which growth took place is closely related to the venous oxgygen ten- 
sion of mammals. The author does not know the venous oxygen 
tension of chickens. In the light of these facts an attempt is now 
being made to determine the venous oxygen tension of chickens, to 
study the effect of the addition of various substances to the plasma, 


and to measure with greater accuracy the lowest partial pressure of 
oxygen in which the cells may not only grow but show other forms 
of activity. 
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INTRODUCTION 


In a recent paper Laurens (1) has described the results of experi- 
ments on the rhythm-forming power of the atrio-ventricular connection 
of the turtle, Malacoclemmys geographica, when the connection is stimu- 
lated electrically. Haberlandt has recently published a series of arti- 
cles dealing with funnel rhythm in the frog (2, 3 and 4) and in the last 
of these he includes experiments on the influence of the vagus on the 
production of funnel rhythm in the frog and turtle. He found that by 
the stimulation of the vago-sympathetic trunk the capacity of the A-V 
funnel to form automatic impulses, giving rise to fibrillation and to 
high frequent V contractions, is increased, so that long-lasting after 
effects are obtained which are not obtained by funnel stimulation alone. 
Atropin he found not to decrease this action of the vago-sympathetic 
trunk and concludes, therefore, that the effect must be due, in part at 
least, to the action of sympathetic fibers. Haberlandt draws a close 
comparison between his results and those that have been obtained on 
the production of “nodal rhythm” in the mammalian heart. 

Laurens (1) found that it was impossible to induce by electrical stimu- 
lation of the funnel the automatic formation of rhythmic impulses in 
the intact heart of Malacoclemmys. It was his intention to carry this 
study of the rhythm-forming power of the funnel further by investi- 
gating the effects of vagal and sympathetic stimulation on its produc- 
tion and to attempt to see whether some difference between the nerves 
of the right and left sides could be demonstrated. The carrying out 
of this problem entailed an examination, more or less thorough, of 
the general influences of the vagus and sympathetic nerves on the tur- 
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tle heart, involving the repetition of much work that has been done al- 
ready. It was necessary in the first place to find out whether the right 
and left vagus nerves could be shown to have a control over different 
parts and different functions of cardiac muscle—owing to the differen- 
tial effects that have been described both for the turtle heart and the 
heart of the mammal—and whether any influence of the sympathetic 
nerves could be demonstrated. It seems best to consider briefly at this 
time the results that have been obtained by others. 


HISTORICAL 


Location of the pace-maker. Muskens (5) by suspending two parts of 


the sinus showed that the sinus and large veins of the turtle (Pseu- 
demys rugosa and elegans) are a system of contractile units, the con- 
traction wave, in most cases, being seen to start from the right vena 
cava. He also observed antiperistaltic contractions of the sinus and 
large veins in exposed hearts that were beating normally. 

Garrey (6) concluded from inspection of the turtle heart that the 
beat arises at the junction of the right pre- and post-caval veins, the 
sinus contracting after this region. He claims that the right caval 
veins possess a greater rhythmicity than the other parts of the heart 
and determine the rate of the whole heart. 

Meek and Eyster (7) have shown that the origin of the beat in the 
turtle heart is in the sinus and in a definite part of this, namely, the 
sino-auricular ring, somewhere to the right of the left venous valve (8), 
probably near the right venous valve, where the best connection be- 
tween the sinus and the right auricle is found (9). Schlomovitz and 
Chase (10) also find the pace-maker to be in the right sino-auricular 
junction. 

Action of vagus and sympathetic. The vagus has an inhibitory effect 
on the rate and strength of beat and on the conductivity and excita- 
bility of cardiac muscle. The effect of the sympathetic nerves is oppo- 
site to that of the vagus on rate and strength of beat and on conduc- 
tivity. There is some doubt as to the action of the sympathetics on 
excitability. Recent work has indicated that, due to a difference in 
distribution, the nerves of the right and left sides do not exert their 
effects in equal degree. Garrey has most recently investigated this 
matter in the turtle. That the right and left nerves were not equally 
effective in stopping or slowing the turtle heart had been repeatedly 
observed by previous investigators. 

According to Garrey (6 and 11) there is a preponderant inhibitory 
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action of each vagus upon the corresponding half of the heart, a homo- 
lateral distribution and function. The action of the right vagus is 
mainly negatively chronotropic and it has a preponderant action in 
stopping the heart, due to the fact that its effect is directly upon the 
right caval veins, where, as Garrey believes, rhythm is initiated. In 
many cases, in certain selected individuals, the left vagus was unable 
to affect the rhythm, but, by decreasing excitability, conductivity and 
contractility, blocked the impulse, thus producing or increasing S-A 
block. In cases of A-V block where the left vagus had no chronotropic 
influence, the effect was always to increase the degree of block, stop- 
ping or slowing the V, the A rate being unchanged. The right vagus, 
on the other hand, decreased the block, owing to its greater chrono- 
tropic effect. He obtained this effect also when the intracranial vagus 
was stimulated, thus showing that it was not due to sympathetic 
stimulation. 

Greene and Peeler (12) agree with Garrey in so far as they found, in 
central cardiac inhibition, that when the left vagus was sectioned there 
was no change in the rhythm of the heart or in the state of inhibition, 
but that when the right vagus was cut, the heart resumed its normal 
rhythm. 

Garrey pointed out that the depressing effect of the vagi upon con- 
ductivity and strength of contraction is sometimes wholly obliterated 
by the coincident slowing of rate. Dale and Mines (13) and Mines (14) 
have recently shown that in the frog the action of the vagus is primarily 
to produce increased resistance to transmission from A to V, decreasing 
the rate, (and to shorten the duration of the electrical disturbance in 
the V), while the action of the accelerators is to improve the rate of 
conduction between A and V (and to increase the duration of the elec- 
trical response in the V). These authors make no mention of a differ- 
ence in degree between the action of the right and left nerves. 

There is considerable evidence that in the mammalian heart there is 
a division of labor between the right and left nerves. Cohn (15 and 
16) found a great qualitative difference in the action of the two vagi on 
the heart of the dog, the right controlling principally the Si node, and 
by its negative chronotropic influence the beat of all chambers, while 
the left has its greatest influence on the conduction of impulses over 
the A-V connection, producing either a delay, or incomplete block or 
complete cessation of V contractions. The left vagus may also have 
some influence over the A, and may rarely cause S-A block. Cohn 
and Lewis (17) showed that the left vagus has more effect on the A-V 
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junction than the right has, while the right effects the production of 
impulses in the A more than the left does. Lewis (18) has investigated 
the matter further and his results show that it is not so simple as at first 
might seem to be the case. He admits that S-A rhythm is more read- 
ily inhibited by the right than by the left vagus, but questions the view 
that the A—V connection is influenced chiefly by the left vagus. He 
finds that, while the left vagus may have more influence than the right 
in producing heart block, the right has a larger control than the left on 
“nodal rhythm” and that this control is even greater than the control 
of the right nerve over S-A rhythm. This latter in turn is about the 
same as the control of the left nerve over ‘‘nodal rhythm,” while the 
control of the left nerve over Si rhythm is weakest of all. In brief the 
right has a greater control over both nodes, and the control of both 
vagi is greater over the A—V node than over the S—A node. 

Rothberger and Winterberg (19 and 20) have reported that in the 
dog the right vagus and sympathetic influence particularly the S—A 
node, the left nerves particularly the A~V node. There are numerous 
exceptions due to the presence of fibers which go in each case to the 
other node, particularly in the left accelerator the presence of fibers 
which have a chronotropic influence on the S-A node, so that all parts 
of the heart are under the excitatory influence of the accelerators, the 
influence being strongest on the S—A node, the right increasing the rate 
more than the left (20). They were able to show, moreover, that the 
accelerators innervate their own side of the heart more or less sepa- 
rately, for in many cases of combined right stimulation, right extra- 
systoles appeared, and of combined left stimulation, left extrasystoles 
appeared, these breaking through the vagal standstill. In connection 
with other work on the production of “‘nodal rhythm’ they found it 
impossible to isolate the inhibitory chronotropic fibers in the vagi which 
go to both the Si and A—V node because they are mixed, and that it 
is only exceptionally possible to demonstrate an inhibitory effect of the 
vagus on the A—V node, moreover that it is only exceptionally that one 
finds the negative chronotropic fibers for the S-A node exclusively in 
the right vagus.. Sometimes also the right vagus produced complete 
standstill, while the left produced merely slowing of the A and dropping 
out of V contractions, thus showing that it was distributed to both 
nodes. 

Ganter and Zahn (21) also report that the two vagi influence nodal 
tissue in unlike degree, the right being stronger than the left on stimu- 
lus formation in the Si, and the left being stronger than the right on 
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the A—-V node, particularly in its effect on lowering conductivity. The 
distinction is by no means always a sharp one, the left vagus usually 
having a slight negative chronotropic effect as well. 

In a still later paper Rothberger and Winterberg (22) give further 
evidence regarding the distribution of the right and left nerves. In 
cases of A flutter they found that strong accelerator stimulation in- 
creased the strength and the rate of contraction, the right having the 
greater effect, although the duration of A flutter and fibrillation is in- 
creased. The rate of the V contractions is increased, owing to im- 
proved conduction. The vagi also, when strongly stimulated, increase 
the rate of the A contractions, the effect of the right being stronger, 
and_just so much stronger, as the left vagus has less of an inhibitory 
effect. By decreasing, conductivity the rate of the V contractions is 
decreased. 

Robinson (23 and 24) reports that the left vagus, just as it does not 
inhibit rhythm, does not inhibit A tachycardia and may only possibly 
inhibit A fibrillation. The right vagus has no influence on A fibrilla- 
tion, but inhibits the A tachycardia which is coexistent with the A 
fibrillation, and changes the flutter into a fibrillation. The right vagus 
is the more effective in increasing the susceptibility of the auricles to 
faradisation, and in holding them in the abnormal activity. In some 
hearts vagal stimulation alone can initiate the same abnormal A activ- 
ity caused by A faradisation. The left vagus is more effective than the 
right in replacing the abnormal auricular activity by the normal sequen- 
tial beat. 

The influence of the cardiac nerves on the production of nodal, or A—-V 
rhythm. There are several references in the literature to this matter. 
These have to do particularly with the vagus nerve and Haberlandt in 
his papers has pretty thoroughly reviewed them. Rothberger and 
Winterberg also give a brief review and the last mentioned authors have 
most carefully and recently investigated this matter. 

Winterberg (25) found that the accelerators have no influence onthe 
origin or duration of V fibrillation and may shorten A fibrillation, while 
the vagi assist in the production of A and V fibrillation. 

Rothberger and Winterberg (19 and 20) have shown that stimulation 
of the right accelerator cannot produce “nodal rhythm,” while the left 
accelerator, which has only a slight chronotropic influence on the S-A 
node, did so in 30 per cent of their experiments, stimulation of the right 
accelerator causing this to disappear. The failure of the left accel- 
erator to cause A~V rhythm is referred to the admixture, already men- 
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tioned above, of fibers which go to the S-A node. The stimulation of 
the vagus alone never produced V fibrillation ; combined with the accel- 
erator it did so in 10 per cent.of their experiments. 

Owing to the preponderant distribution, in certain cases, of the right 
and left vagi and sympathetics to the S-A node and A-V node respec- 
tively, they thought that combined stimulation of the left accelerator 
and the right vagus should give “nodal rhythm.” Their early experi- 
ments (19) were negative. Later (20) by combining such stimulation, 
in those cases where the inhibitory fibers for the Si are practically only 
in the right and those for the A—V node in the left, they obtained results 
in two experiments. In a third (p. 361), combined stimulation of the 
left accelerator and either vagus produced “nodal rhythm,” thus indi- 
cating an equally intense inhibitory effect of the two vagi. They also 
found in another case (p. 362) that the stimulation not only of the left 
accelerator, but of the right as well, produced in combination with stimu- 
lation of the right vagus a “nodal rhythm.’ 

These various effects of the cardiac nerves bring up for consideration 
the question as to whether they really have any direct influence on the 
ventricle. Hering (26 and 27) and his collaborators hold that they do; 
Erlanger (28) does not believe that the vagi have any significant chro- 
notropic influence on the ventricles and that the A-~V bundle contains 
no inhibitory fibers for the ventricle. 

Haberlandt (3) has recently described both positive and negative 
chronotropic and inotropic influences of the vagi on the slow automatic 
V contractions of the frog. He compares his results on the inotropic 
effect with those which Gaskell (29, p. 85) obtained, in one case, on 
inhibiting the independent auriculo-venticular rhythm through the 
coronary nerve by stimulating the right vagus. The positive influences 
which Haberlandt obtained would seem to be due to the excitation of 
sympathetic fibers in the vago-sympathetic trunk. 

Tonus. It is conceivable that the rhythmical variations in tone of 
the turtle auricle may be influenced by the possible differentiation in 
function of the right and left nerves. The influence of the nerves on 
these tonic oscillations has been investigated by a number of workers, 
among them being Fano and Fayod (30), Bottazzi (31 and 32) and 
Oinuma (33), with the general result that the vagus increases the tone, 
while the sympathetic depresses or inhibits it. Gaskell (34) was of 
the opinion that the vagus nerve did not decrease the state of tonic 


contraction of the A, although he obtained a positive variation when 
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the vagus nerve was stimulated, as has recently been substantiated by 
Meek and Eyster (35) and Samojloff (36). 

The supposed cause of the rhythmic variations in A tone is worthy 
of brief notice, particularly so since this matter has recently been given 
extensive consideration by Gesell (37 and 38). Rosenzweig (39), who 
found that vagal stimulation did not increase the tonus, came to the 
conclusion that the rhythmical variations in tone were due to the grad- 
ual death of the preparation. He suggested that they might be caused 
by the contraction of the smooth muscle cells lining the auricular 
‘avity, an assumption which Bottazzi (32) confirmed, thus giving up 
his sarcoplasm contraction theory. Oinuma (33) agrees with this. 

The anatomy of the sympathetics and vagi. The course of the sym- 
pathetic nerve and its innervation of the heart has been described for 
various species of turtles by various authors. According to Gaskell 
and Gadow (40) the rami cardiaci come chiefly from the first thoracic 
ganglion. In Testudo graeca they are sent off from the middle cervical 
ganglion and enter the heart, together with the vagus fibers, between 
the pulmonary vessels and the vena cava. In Chelone imbricata the 
ramus cardiacus from the middle ganglion enters the heart along the 
aorta, running close with the vagus of its side. In Emys europaea 
rami cardiaci likewise arise from the median ganglion and perhaps 
anastomose with the cardiac branches of the vagus. It has been shown 
by Bottazzi (31) that cardiac branches of the sympathetic in E. 
europaea arise from the middle and inferior ganglia, but chiefly from 
the latter. Oinuma (33) agrees with this. In Emys caspica Kazem- 
Beck (41) describes the main ramus cardiacus as arising in the first 
thoracic ganglion and running along the superior vena cava to the 
heart, although cardiac branches are also sometimes given off from 
the inferior and middle ganglia. According to Wesley Mills (42) the 
rami cardiaci in Pseudemys rugosa arise from the first thoracic and 
the middle ganglia, the former branches appearing to be the more 
important. Ranson (43) has recently studied the vagus in Chelydra 
serpentina. In this animal the sympathetic and the thoraco-abdom- 
inal branch of the vagus run together into the thoraco-abdominal 
‘avity. The sympathetic leaves the vagus opposite one of the lowest 
cervical vertebrae and turns toward the inferior. cervical ganglion of 
the sympathetic. At the point at which the two nerves separate there 
is developed the middle cervical sympathetic ganglion and the gan- 
glion thoraco-abdominale vagi. 
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VAGI AND SYMPATHETICS ON 


ANATOMICAL 


CONNECTION 


A description of the sympathetic in Malacoclemmys geographica will 


not be out of place since it differs in some details from the conditions 


which have been described in other Chelonians. 
cervicale superior situated just under the base of 

the skull (fig. 1) a small branch passes anteriorly 

through the jugular foramen into the skull along 

with the vagus and accessory nerves. The cer- 
vical sympathetic arises from the posterior side 
of the ganglion and passes caudalwards with the 
vagus, just under the omohyoid muscle and 
median to the carotid artery. The two nerves 
run separately down the neck, and do not unite 
to form a common vago-sympathetic trunk nor 
have connections between them been observed. 
The sympathetic receives no rami communi- 
cantes from the first five spinal nerves. At the 
level of the fifth to sixth cervical vertebrae the 
sympathetic enters the ganglion cervicale me- 
dium. 
connecting this ganglion with the vagus, but its 
presence is not typical. 
vicale medium the sympathetic runs towards 
the median line and at the level of the seventh 
to eighth cervical vertebrae enters the ganglion 
cervicale inferior, which receives a ramus com- 


A small nerve may sometimes be seen 


From the ganglion cer- 


municans from the eighth spinal nerve. It is 
continued downward to the first thoracic gang- 
lion (Th. G) giving off a small branch to the 
plexus brachialis as it Gaskell 
Gadow have found considerable variation and 


passes. and 
fusion of two or more of the ganglia in this 
region, corresponding to the stellate ganglion in 
mammals. 

That the main rami cardiaci arise in or pass 
through the first thoracic ganglion is corrobo- 
Gaskell and Gadow (40) 
have shown that stimulation of the sympathetic 
chain between the first thoracic and the middle 
the 


rated by experiments. 


cervical ganglion, or of ramus cardiacus, 


From the ganglion 


Fig. 1. Ventral view 
of neck of Malacoclem- 
mys showing the course 
of the vagus and of the 
sympathetic nerve of 
the right side. G.C.S., 
Ganglion cervicale su- 
perior;G.C.M., Gangli- 
on cervicale 
vicale 


medium ; 
Ganglion cer- 
TG 
Ganglion thoracico-ab- 
Th.G., 
first thoracic ganglion; 
C.R.S 
of the 
of the 


inferior; 


dominale vagi; 


cardiac ramus 
sympathet i 
cardiac ramus 


vagus 
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in Testudo graeca ‘‘causes a most marked acceleration of the heart 
and augmentation of the auricular contractions.’”’ Kazem-Beck (41) 
pointed out that in Emys caspica stimulation of the ramus cardiacus 
from the first thoracic ganglion produces an acceleration of six to 
eight beats per minute following the stimulation. Dogiel and Arch- 
angelsky (44) found that in Emys europaea stimulation of the inferior 
ganglion caused an acceleration of about 4 beats, while stimulation 
of the first thoracic ganglion with a current of the same strength pro- 
duced an acceleration of about 8 beats per minute. No mention is 
made by the last two authors of an augmentation of the A contrac- 
tions. Bottazzi (31) has shown in E. europaea that stimulation of 
the sympathetic chain between the middle ganglion and the first tho- 
racic ganglion produces an augmentation of the height of contraction 
as well as an acceleration. According to Greene and Peeler (12) the 
augmentatory apparatus of the turtle is poorly developed, if not in 
fact absent. Garrey (11) demonstrated what he considers an in- 
direct augmentatory effect in cases of A-V block in the turtle after 
vagal stimulation, in that the block disappears for a while. Also 
that intraventricular block was improved after stimulation of the 
cervical vagus, but not of the intracranial vagus. 


EXPERIMENTAL 


Since Laurens (1) found that in the intact heart of Malacoclemmys 
a funnel rhythm could not be initiated by electrical stimulation of 
the A-V connection, it seemed interesting ¢nough to see what the 
influence of stimulating the cardiac nerves at the same time would be. 
As has already been mentioned above, Haberlandt found that stim- 
ulation of the vago-sympathetic trunk in the frog and turtle had a 
beneficial influence on the formation of funnel rhythm. Since the 
work of Rothberger and Winterberg has shown that the vagus when 
stimulated has no ability to produce “nodal rhythm,’’—whatever effect 
these nerves may have on such rhythm after it has been produced,— 
and that the stimulation of the left stellate ganglion could start ‘nodal 
rhythm,” particularly when the vagus was also stimulated, it seemed 
that this matter might not be so simple as Haberlandt implies. The 
investigation, the results of which are now to be reported, was under- 
taken at the suggestion of Dr. Henry Laurens. My sincere thanks 
are due him for his assistance and helpful criticism at all times. A 
preliminary report of the results has already appeared (45). 
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VAGI AND SYMPATHETICS ON A-V CONNECTION 
METHODS 


The turtle Malacoclemmys geographica was used in all of the ex- 


periments. The animal was rendered insensible by decerebration, 


anaesthetization, or by destroying the brain and spinal cord, decere- 
bration proving the most satisfactory and therefore most generally 
employed. The plastron was removed and the fore limbs amputated 
after ligating the subclavian arteries. In all of the experiments care 
was taken to reduce the loss of blood to a minimum and to keep the 
circulation intact as much as possible. After the pericardium had 
been slit up the heart was fastened to a slender strip of cork by two 
small porcupine quills and suspended for mechanical registration from the 
right auricle and the apex of the ventricle. The cardiac nerves were 
exposed and shield electrodes placed on the thoracico-abdominal gan- 
glion of the vagus and the first thoracic ganglion of the sympathetic, or 
between this and the inferior ganglion.! 

The conclusions reached in this paper are based on results obtained 
during the first two to three hours of experimentation, and before the 
strength of Si impulse had markedly decreased. 


Effect of sympathetic stimulation on the normal heart beat 


Stimulation of the sympathetic by relatively weak interrupted cur- 
rents produces no effect on the rate of beat. With stronger currents 
the action of the sympathetic becomes more apparent. Of 32 experi- 
ments, sympathetic stimulation produced a visible effect on the heart 
in 18. Of these, augmentation of the A contractions was produced in 
10, augmentation and acceleration in 5, and acceleration alone in 3. 
The amount of augmentation, as calculated from the height of the 
registered contractions, was usually small (from 1 to 3 mm.), 
although an increase of as much as 6 mm. was not uncommon. The 
amount of acceleration varied from between 2-3 to 6 beats per minute. 
No difference between the effects of the right and left sympathetics 
could be noticed. The maximum effects became apparent fifteen to 
sixty seconds after the commencement of stimulation, though some- 
times not until after it had been discontinued, and lasted for longer 
or shorter periods of time. 


11n many cases, as observed by Gaskell and Gadow, the first thoracic and the 
inferior ganglion are fused. In such cases the electrodes were placed either on 
the “fusiform ganglion’’ or between this and the middle ganglion 
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Effect of sympathetic and vagal stimulation on variations in A tone 


The action of the sympathetic in abnormal conditions, such as in- 
crease in auricular tone, A-V block, V fibrillation and V-A rhythm is 
more striking than the augmentatory and acceleratory influences on 
the normal beat. Bottazzi (82) observed in one case that the right 
sympathetic was more effective in reducing A tonus than the left was, 
but that in all other cases the effect of both was the same. 

In the intact heart of Malacoclemmys, variations in A tone rarely 
appear. In only one turtle used in this investigation did tonus oscil- 
lations spontaneously appear and then only in the left auricle. This 
animal had been in the laboratory aquarium for some time, and with 
the onset of cold weather had eaten little or no food and was in a very 
weakened condition, the heart beat being slow and weak. During the 
preparation for registration considerable blood was also lost. 

Stimulation of either of the vagi with interrupted currents too weak 
to stop the heart caused an increase in the tone of the left auricle, the 
left vagus apparently being the more effective. Stimulation of the 
right or left sympathetic during a period of increased tonus, whether 
automatic or set up by vagal stimulation, caused the tone to decrease, 
the left sympathetic apparently again being the more effective. 

Rosenzweig’s view regarding the appearance of variations in tone 
seems to be substantiated by the fact that in only one turtle did mark- 
ed variations in tone occur spontaneously. As is well known, and as 
Laurens has observed on the auricles of Malacoclemmys, marked varia- 
tions in tone can be produced by mechanical or electrical stimulation, 
or by flooding the auricles with cold Ringer, etc. Laurens (1 and 
unpublished observations) found that in experiments on excised hearts 
nearly every one showed marked oscillations in tone, both in the beat- 
ing and still (sinusless) heart. 


Effect of sympathetic stimulation on A-V block 


Block was produced by the method used by Laurens (46) of cutting 
through parts of the A-V connection. If the part cut is small, either 
no block is caused or a very transitory one of 3:1 or 2:1 rhythm. By 
cutting through a sufficiently large portion of the funnel severe and 
long-lasting partial or total block can be produced. 

Strong faradisation of the sympathetic nerves has been found to 
improve the block. To describe a typical case: After complete block 
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had been produced (fig. 2) the right sympathetic was strongly stimu- 


lated. Soon after the stimulation was discontinued the V gave a single 
contraction, and then began to beat slowly as shown in the figure. By 


Fig. 2. Improvement of A-V block by sympathetic stimulation. Time in 
this and succeeding figures in seconds 


Fig. 3. Continuation of figure 2, showing continued improvement resulting 
from further sympathetic stimulation. 


repeated stimulations the block was further improved, the A and V 
finally beating in a 2:1 ratio (fig. 3), although the block could never 
be brought toe disappear entirely. 


auricle] 
a ventricle 
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ventricle 
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The action of the vagus and sympathetic on funnel rhythm 


To produce funnel rhythm essentially the same method as employed 
by Laurens (1) was used. Two fine needle electrodes connected with 
the secondary of a Harvard inductorium were inserted into the V 
just below the A—-V boundary so that they penetrated the A—V funnel. 
If strong interrupted currents are sent in fibrillation of the V is pro- 
duced which in most cases spreads to the auricles. The fibrillation, 
however, does not persist after the current is broken, and is often in- 
terrupted by the normal sinus rhythm during the stimulation. Stim- 
ulation of the funnel sometimes produces a rapid V rhythm which also 
does not persist after the stimulation (fig. 4, B), Sirhythm reappearing 
almost immediately after the stimulation is discontinued. 

If the vagus is stimulated with relatively strong interrupted cur- 
rents at the same time that the funnel is stimulated, there is produced, 
in a few cases, V fibrillation, which, sometimes changing into a regular 
but rapid V—A rhythm, lasts over for varying: lengths of time after 
the stimulation has been discontinued (figs. 5, 6, 7 and 8). In order 
to attain this result it has been found that the vagal stimulation 
must be of sufficient strength to completely inhibit the Si impulses, 
although, of course, even when this is so, automatic funnel impulses 
are not always set up. All cases of the rhythmic production of auto- 
matic funnel impulses were obtained by stimulation of the funnel and 
the right vagus. Conjoint stimulation of the funnel and the left 
vagus causes ventricular fibrillation during the stimulation as with 
right stimulation, but apparently the block produced by the left vagus 
is not sufficiently strong to prevent the reappearance of the normal 
sinus rhythm as soon as the stimulation ceases (see fig. 4, A). This 
may be due to the fact that the left vagus principally affects conduction 
between the A and the V and that the Si impulses, not having been 
weakened to any great extent, break through to the V. 

If the vagus is stimulated during this funnel rhythm with a strength 
of current that would ordinarily stop the heart, it produces merely a 
decrease in the amplitude of the A contractions with no effect on the 
rate. Stimulation of either of the sympathetics, on the other hand 
stops the funnel rhythm, after which the normal Si rhythm reappears, 
the right and left sympathetics apparently being equally effective 
(figs. 5 and 6). 

Conjoint stimulation of the funnel and of either sympathetic never 
produced funnel rhythm (see fig. 4, C). Nor did conjoint stimulation 
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of either of the vagi and one or the other of the sympathetics result in 


the production of funnel rhythm. This latter subject is, however, 
worthy of a more detailed investigation than has been made. 


nuricle 


ventricle 


funnel 


Fig. 5. Conjoint stimulation of funnel and right vagus resulting in the pro- 
duction of V fibrillation followed by V-A rhythm with partial block.¥ Stimu- 
lation of the right sympathetic stops the funnel rhythm. 


Fig. 6. Conjoint stimulation of funnel and right vagus resulting in V fibril- 
lation followed by V-A rhythm showing partial block. The V shows fpulsus 
alternans. Stimulation of the right sympathetic stops the funnel rhythm. 


In a number of cases the funnel rhythm develops partial V—A block 
(see figs. 7 and 8, also 5 and 6). This block is characterised by the 
dropping out of A systoles after a gradually shortening V—A interval, 
evidenced most clearly by the gradually decreasing length of the suc- 
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cessive A-A intervals. The block, with the decrease in rapidity of 
production of the funnel impulses, eventually disappears. Laurens (1) 
has described such a case of block in detail. In the cases which I have 


observed, either the impulses are arising in groups characterized by a 


right vagus 


funnel 


Fig. 7. Funnel rhythm (rapid V-A) showing V-A block following conjoint 
stimulation of funnel and right vagus. 


Fig. 8. Funnel rhythm, showing V-A block, following conjoint stimulation of 
funnel and right vagus. 


gradual quickening of impulse formation, or the conduction towards 
the A improves from beat to beat until the impulse falls into the re- 
fractory period and an A systole is missed. Often there is a slight 
pause before the last As, which is then more vigorous (fig. 5). 
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The impulses for this V-A rhythm originate in the A-V funnel, 
probably below the level of the A-V boundary. They therefore spread 
in both directions, going to the V and upward to the A. There is no 
measurable variation in the lengths of the V—V intervals, and we are 
therefore obliged to admit that the impulses arise at regular intervals, 
but that they are conducted upward with increasing ease, until an 
impulse falls into the refractory period. The fact that in many cases 
there is a pause before the last As, which is then more vigorous, would 
seem to indicate that, in some cases at least, the dropping out of the 
As was due to a refractoriness of conduction. 


THEORETICAL CONSIDERATIONS. 


The results of my experiments have given no reason for believing 
that the distribution of the two sympathetic nerves is in any wise 
different, and have given only indirect evidence for the vagi. A series 
of observations on comparing the effects of right and left vagal stimu- 
lation on the right and left auricles respectively seemed to indicate 
that it is only extremely seldom that there is a difference between the 
influence of the two nerves. 

In cases of A~V block, caused by cutting through parts of the A-V 
connection, stimulation of the sympathetic results in a partial removal 
of the block, decreasing it by improving the conductivity of the A-V 
connection as well as increasing the strength of the Siimpulse. In the 
case illustrated (figs. 2 and 3), which is typical, the contractions of the 
V are at first at long intervals, and with each succeeding stimulation 
become more and more numerous, indicating a decrease in the degree 
of block which is dependent for the most part upon an improvement 
in conducting power of the remaining fibers of the A-V connection. 

It seems certain when the A—-V connection is cut that the irritability 
of the V is not reduced, but that the A impulse which is able to reach 
it over the intact but injured funnel fibers is decreased, so that it is 
subliminal and the V therefore fails to respond. The irritability of 
the V, owing to its inactivity, increases until the weakened A impulse 
getting through proves strong enough to elicit a contraction, after 
which the irritability of the V again falls to zero, and one or more V 
systoles are missed (partial block), or the impulse, although the ir- 
ritability of the V is maximal, is always subliminal and the block is 
complete. 

It has been shown above that sympathetic stimulation in the turtle 
causes an increase in strength of the sinus impulse, which coupled with 
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the increase in contractile power and the improvement in conduction 


causes an increase in strength of the A contractions. Owing to all of 


these effects of the sympathetic, the impulse reaching the V is increased 
in strength to such an extent that it elicits a contraction. We have 
not sufficient evidence to warrant an assertion regarding the effect on 
excitability. Owing to the increase in strength and the improvement 
in conduction the irritability of the V does not have to rise so high as 
it did before, in order to be excited to contract and it therefore con- 
tracts more often. In other words the strength of the impulse able 
to reach the V over the A-V connection is the important matter, and 
the strength of this impulse depends most on the conductivity of the 
connection fibers. Laurens (46) has recently discussed block with 
particular reference to cases produced by cutting the A-V connection, 
and therefore injuring the fibers remaining so that their conductivity 
is reduced. The argument that most depends on the improvement in 
conductivity gains support here from two factors of sympathetic im- 
provement, namely, acceleration and the fact that the augmentation of 
the Si impulses is not very great in amount or in duration. If the 
conductivity of the A-V connection were not improved, an acceleration 
of the rate could have only the result of increasing the block. And 
if the conductivity were not improved permanently then the original 
degree of block would return soon after the stimulation ceased owing 
to the gradual decrease in the strength of the Si impulses. 

The action of the vagus on funnel rhythm is due to its inhibiting 
effect on the normal pace-maker, or on the impulses originating there. 
Stimulation of the funnel in certain cases starts automatic impulse 
formation. If these are not interfered with they will continue for : 
longer or shorter time, arising automatically and rhythmically and 
initiating a beat of the heart which is characterised by a V-A sequence, 
owing to the fact that the V is nearer the point of origin of the impulses 
than the A is. The left vagus has been claimed to have, in certain 
cases, less of an influence on the normal pace-maker, in so far as the 
frequency of impulse formation there is concerned, and to have a 
much greater effect in reducing conductivity. It might be concluded 
from the failure of the left vagus, when stimulated conjointly with the 
funnel, to produce conditions favorable to the formation of a funnel 
rhythm that this was due to the fact that the Si impulses, weakened 
only slightly, were able to break through and reach the funnel and 
thus put a stop to the formation of impulses that might have started 
automatically to arise there. 
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Haberlandt, in certain cases, obtained funnel rhythm by stimula- 
tion of the vagus or of the funnel alone. This seems to have been in 
preparations which had previously been long and severely stimulated. 
It has also been observed in the present investigation that in old prep- 
arations the ability of the funnel to initiate rhythm is relatively in- 
creased, due to the weakened condition of the Si impulses. Haber- 
landt’s results of obtaining funnel rhythm when the vagus alone is 
stimulated offers substantiating evidence of the relative increase in 
the ability of the funnel to form automatic and rhythmic impulses 
when the Si impulses are weakened. It speaks for the function of 
the funnel rhythm in cases where the Si impulses are not able to in- 
itiate the rhythm of the heart. It has also been observed during the 
course of the present investigation that as has often been observed 
before, the funnel rhythm may arise automatically in hearts which 
have been exposed for some time. Furthermore Laurens (1) has 
shown that in the still (sinusless) heart funnel rhythm is more frequently 
and easily accomplished than in the excisedand beating heart. 

The stopping of funnel rhythm by sympathetic stimulation (see figs. 
5 and 6), falls in line with the explanation given above of the action 
of the sympathetic in improving A-V block, and the reverse of that 
just given for the influence of the vagus on producing funnel rhythm. 
As mentioned above the sympathetics stimulated conjointly with the 
funnel, or conjointly with the vagi, never led to the production of fun- 
nel rhythm. So far as our evidence goes, it points to an exclusive dis- 
tribution of sympathetic fibers, so far as impulse formation is concerned, 
to the normal pacemaker, or sinus. By their stimulation the strength 
of the normal Si impulse is increased. Conductivity being also in- 
creased, the normal Si impulses come to the V with increased vigor, 
thus blotting out any attempts on the part of the funnel to automati- 
cally form rhythmic impulses, or when these impulses have been formed 
stopping them, and assuming again the initiation of the heart beat. 

In this investigation sympathetic stimulation failed but once to re- 
verse the sequential beat to normal. 

It seems therefore that, in the turtle, vagal stimulation aids in the 
formation of an automatic funnel rhythm by inhibiting the Si impulses, 
either by decreasing them or decreasing the conductivity of the muscle. 
Sympathetic stimulation, by increasing the strength of the Si impulses 
and by improving conduction, prevents the formation of an automatic 
funnel rhythm by swamping with Si impulses the impulses which might 
begin to arise automatically in the funnel. Vagal stimulation does not 
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affect funnel rhythm after it has gotten started, but, by decreasing the 
conductivity and the contractility of the A muscle, decreases the 
strength of the A contractions. Sympathetic stimulation causes a re- 
versal of funnel rhythm to a normal Si rhythm by its influence on the 
strength of the Si impulse and on the conductivity of cardiac muscle. 

No very close comparison regarding the differential influence of the 
right and left nerves on ‘‘nodal rhythm”’ can, therefore, be drawn be- 
tween the results that have been obtained on the mammalian heart and 
those obtained on the turtle heart. 


SUMMARY 


1. In Malacoclemmys geographica, the vagus and sympathetic 
nerves run separately in the neck and are not united to form a com- 
mon vago-sympathetic trunk. 

2. The sympathetic rami.cardiaci come principally from the first 
thoracic ganglion. 

3. Stimulation of the sympathetic results generally in an increase in 
strength of Si impulses, and an acceleration of rate of production, the 
former being more often obtained. 

4. Stimulation of the vagus causes an increase in auricular tone. 
Stimulation of the sympathetic decreases and abolishes it. (Variations 
in tone obtained in but one case.) 

5. Stimulation of the sympathetic, by improving conduction, de- 
creases heart block produced by cutting the A—V connection. 

6. Stimulation, in the intact heart, of the A-V funnel by strong in- 
terrupted currents causes V fibrillation, or rapid V rhythm, which stops 
when the stimulation is stopped. 

7. Conjoint stimulation of the right vagus and of the A-V funnel 
with strong interrupted currents sometimes produces a funnel rhythm 
which lasts over, in different experiments, for varying lengths of time, 
after the stimulation has been discontinued. 

8. Vagal stimulation during funnel rhythm with a strength of cur- 
rent sufficient to normally still the heart decreases the height of the A 
contractions but does not affect the rate. Stimulation of the sympa- 


thetic, by increasing the strength of the Si impulses and improving 
conduction, stops funnel rhythm, after which the normal sequential 
beat returns. 


9. Conjoint stimulation of the funnel and sympathetic does not pro- 
duce funnel rhythm, nor does conjoint stimulation of either sympa- 
thetic and one of the vagi do so. 
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In his recent book, ‘‘The Organism as a Whole,” Professor Loeb 
raises an apparently serious objection! to my interpretation of the 
observation (recently made by me) that in dilute sea-water fertilized 
Arbacia eggs take up water by osmosis several times more rapidly 
than unfertilized eggs.2, This phenomenon had seemed to me to in- 
dicate that the permeability of the egg-surface to water is decidedly 
increased by fertilization, and hence to confirm the view that a general 
increase of surface-permeability is an essential factor in the activation- 
process, a view which Professor Loeb appears to share; yet he dismisses 
the above observation in a footnote as unimportant, and suggests 
that the increased entrance of water after fertilization is due to the 
removal of the layer of viscous material or “jelly”? which normally 
invests the unfertilized egg and disappears at fertilization. Apparent- 
ly in his opinion it is this jelly—and not the relatively impermeable 
state of the egg-surface—which retards the entrance of water into the 
unfertilized egg; and he concludes that no inference can be drawn 
from this phenomenon with regard to any change in the condition of 
the egg itself. An objection of this kind is best removed by experi- 
mental evidence, which is presented below. I may remark, however, 
that the observation does not stand alone, but is supported by the 
results of a number of other investigators cited in my paper, all in- 
dicating that an increase of permeability is associated with fertiliza- 
tion. It seems therefore to me that this additional evidence ought 
not to be thus put aside on purely conjectural grounds; experiment 


1 The organism as a whole from a physico-chemical viewpoint. Putnams, 1916, 
122. 
? This Journal, 1916, xl, 249. 
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alone can decide in such cases; and the further observations which I 
have made during the past summer have shown definitely that the 
above objection has no basis; in point of fact the jelly does not inter- 
fere appreciably with the entrance of water into the egg. 

To avoid misunderstanding regarding the essential nature of the 
question at issue, it seems necessary, before proceeding with the dis- 
cussion, to distinguish clearly between two separate possibilities with 
reference to the relation which changes of permeability may bear to 
the activation-process. The first possibility is that after fertilization, 
and as one of the secondary consequences of this process, the general 
conditions of permeability in the egg are permanently modified, and 
that the protoplasmic surface-layer or plasma-membrane from that 
time on remains more permeable and more subject to changes of per- 
meability than before; there is, in fact, considerable evidence that 
this is the case.4 The second possibility—which is the one suggested 
by the resemblance between the conditions of activation of the resting 
egg and those of stimulation in general—is that the primary event in 
the activation-process, as well as in the stimulation-process, is a tem- 
porary increase of permeability; upon this initial change follow the 
other changes expressive of the general response or activation of the 
egg-cell. A temporary or initiatory increase of permeability is thus 
to be distinguished from a permanent alteration in the general proper- 
ties of the plasma-membrane involving increased permeability. There 
is good reason to believe that both of these processes are concerned in 
the activation of the resting egg. This distinction, however, does 
not appear to have been made hitherto, and confusion may be avoided 
by recognizing it. 

In Professor Loeb’s earlier paper on the action of salt solutions 
upon fertilized and unfertilized eggs of Strongylocentrotus* he de- 


3’ My own observations show that the rate of entrance of water from dilute 
sea-water remains several times greater in fertilized than in unfertilized Arbacia 
eggs, at least until the second or third cleavage, and probably later. Similar con- 
ditions hold for the electrical conductivity of the fertilized eggs of Echinus, ac- 
cording to the recent observations of Gray. After an initial increase of conduc- 
tivity immediately following fertilization, the conductivity returns (within ten 
or fifteen minutes after fertilization) toward that of the unfertilized egg (Journ. 
Mar. Biol. Assoc., 1913, x, 50). Further investigation has shown, however, that 
this second change of conductivity is temporary and small compared with the 
original increase, and that the conductivity of the fertilized eggs always re- 
mains decidedly greater than that of the same eggs before fertilization (unpub- 
lished observations kindly communicated to me by Mr. Gray). 

‘Biochem. Zeitschr., 1906, ii, 81. 


i 


nin 


PERMEABILITY AND ACTIVATION IN ARBACIA EGGS 45 


scribes experiments showing that pure solutions of NaCl are more toxic 
to fertilized than to unfertilized eggs; and he suggests, as a possible 
explanation of this fact, that fertilization may increase the permea- 
bility of the egg to NaCl or its ions; this explanation, however, he 
rejects in favor of one based upon the difference in the rate of oxida- 
tions in the two kinds of egg; the more rapidly metabolizing fertilized 
egg is more readily injured by any condition, such as lack of oxygen or 
presence of cyanide, which interferes with oxidations; and its greater 
susceptibility to injury by salt solutions probably has the same basis, 
since alkali is found to promote and cyanide to retard the toxic action. 
It is to be noted that these two explanations are in no sense incon- 
sistent with each other; an increased rate of oxidations may well be 
associated with, or even dependent upon, an increased permeability 
of the egg-surface, e.g., to oxygen. And in fact in a later publication 
Professor Loeb suggests that an increased permeability to oxygen or 
OH-ions, resulting from the surface-alteration, may be a factor in the 
increase of oxidations following fertilization.’ This hypothesis is dif- 
ficult to test experimentally and remains conjecture, although, for 
reasons to be given below, it seems probable that this condition ac- 
tually does exist in the sea-urchin egg. 

My own first experiments on the relation of permeability-change to 
activation were suggested by the idea of a general parallelism between 
the conditions of activation in resting eggs and of stimulation in ir- 
ritable tissues. In stimulation there appears to be a temporary in- 
crease in the permeability of the plasma-membrane; it seemed therefore 
probable that a change of the same kind might be the critical event in 
activation. If this be so, a parallelism should exist between the per- 
meability-increasing action of a substance and its general effectiveness 
as an activating agent. This view is therefore supported by the fact, 
previously shown by Loeb, that cytolytic substances are in general 
good parthenogenetic agents; obviously such substances increase sur- 
face-permeability. My own earlier experiments with Arenicola larvae 
had shown that pure isotonic solutions of Na and K salts increase the 
permeability of the pigment-containing body-cells and at the same 
time powerfully stimulate the musculature of these organisms; both 
effects are simultaneously prevented by the addition of CaCh.® It 
seemed therefore probable, if an increase of permeability is the initial 

5Chemische Entwicklungserregung des tierischen Eies, Berlin, 1909, 16, 
preface. 

6 This Journal, 1909, xxiv, 14. 
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or critical factor in the activation of the resting egg, (1) that pure 
salt solutions would cause activation, and (2) that this effect would 
be prevented by the addition of CaCl, to the salt solution. In ex- 
periments with starfish and sea-urchin eggs both of these expectations 
were realized. As index of permeability-increase in Arbacia eggs 
the exit of pigment was employed; and it was found that those salts 
which freed pigment most rapidly were in general the most effective 
as activating agents; the order of relative effectiveness for both per- 
meability-increase and ‘activation, with pure isotonic solutions of Na 
and K salts, was (for anions): Cl< Br <NO3<CNS and I.’ In the 
presence of a little CaCle (1 mol to 20 of alkali salt) both effects were 
prevented;* a similar though less complete prevention of this salt- 
action was later obtained by the use of various anaesthetic compounds*— 
a fact still further confirming the view that stimulation and activation 
of the resting egg are closely analogous processes. 

Other evidence indicating that an increase of surface-permeability 
is the primary change in activation is briefly reviewed in my paper above 
cited,’° which also again calls attention to the possible importance of 
the change of electrical surface-polarization presumably accompany- 
ing this increase. Negative electromotor variations are well known to 
result from the action of cytolytic (7.e., parthenogenetic) agents upon 
other types of cell (e.g., muscle or nerve) where observation can be 
made; and the same is probably true for cells in general, including the 
egg-cell; if so, we must assume that the activating agent causes a 
temporary electrical depolarization of the egg-surface. Electro- 
motor variations appear to be common to all forms of stimulation and 
spontaneous cell-activity; and the universal action of external electric 
currents in accelerating, inhibiting, or otherwise modifying cell-ac- 
tivities shows that intracellular processes, metabolic and other, are 
profoundly influenced by changes in the electrical polarization of the 
cell-surface. Hence it seems reasonable to conclude that the initial 
electromotor variation induced by the surface-alteration is an essential 
if not the chief factor in the activation-process. This view does not 
deny the possible importance of other factors in the total complex 
process; it merely supposes that the sequence of events constituting 
activation is initiated or released by the primary surface-process with 


7 This Journal, 1910, xxvi, 106. 

8 This Journal, 1911, xxvii, 289; Journ. of Morph., 1911, xxii, 695. 
® Journ. Exper. Zoél., 1914, xvi, 591. 

1° This Journal, 1916, xl, 249. 
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its accompanying electromotor variation. Probably also, as already 
suggested, a general and permanent increase of permeability is one of 
the secondary consequences of activation, and itself becomes a factor 
in the later phases of the process, e.g., by allowing readier interchange 
of oxygen and carbon dioxide (and possibly other substances), and so 
permitting a higher rate of metabolism. My own recent observations 
show that the increased permeability to water following fertilization 
in Arbacia eggs is not temporary, but remains (as indicated by the 
rate of swelling in dilute sea-water) at least until the second or third 
cleavage, and probably later; similar conditions may exist with regard 
to the permeability to oxygen and carbon dioxide. 

Early last summer Professor Loeb pointed out to me the possibility 
that the jelly surrounding the unfertilized eggs might interfere with 
the entrance of water; and I regret that I did not inform him of the 
results of the following experiments soon enough to prevent the ap- 
pearance of this criticism in his book. The existence of a layer of 
viscous substance about freshly deposited Arbacia eggs, and its dis- 
solution after fertilization, are well known facts; and quite conceivably 
the difference in the osmotic behavior of fertilized and unfertilized eggs 
might be explained in this simple manner, and not as due to a change 
in the properties of the egg itself. This jelly often has the thickness of 
an egg’s diameter, but its consistency is so thin that it does not differ 
appreciably in refraction from sea-water nor prevent the eggs from com- 
ing in contact with one another; it is best demonstrated by the use of 
suspensions of India ink in sea-water; when mounted in this medium 
under a cover-glass each egg appears surrounded by a clear halo. One 
might doubt beforehand that any gelatinous coating of such slight 
consistency would decrease the rate of entrance of water to one-fourth 
of the value obtaining in its absence; such an effect would indicate 
that the jelly was more impermeable than the egg itself; this consid- 
eration may help to account for my neglect to consider its influence in 
my former paper. 

The jelly is easily removed from the eggs by washing in ordinary 
sea-water, but this treatment has no effect upon the osmotic behavior 


11 See footnote 3 above. 

12 Diffusion-rates in dilute jellies are known to be practically the same as in 
pure water (cf. Héber: Physikalische Chemie der Zelle und der Gewebe, 4th 
Edition, 1914, 346). A further indication that the jelly offers no obstacle to dif- 
fusion is the fact that there is little if any difference in the rate of staining of 
fertilized and unfertilized Arbacia eggs in solutions of neutral red in sea-water 
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in the dilute medium. The following observations made last summer 
will illustrate: 


September 4. Eggs were removed from several specimens of Arbacia at 9.30 
a.m., washed as usual with two changes of sea-water, and examined in India ink 
suspension. Most eggs showed the presence of the jelly by the clear halo; the 
diameter of this halo was variable, in some cases equal to that of the egg, in 
others the jelly formed a thin film merely, while in a good many eggs it was ab- 
sent. Out of 62 eggs examined at random at 10.30, 46 had a well-defined jelly; 
in 16 it was either absent or insignificant. 

Part of these eggs were fertilized at 10.10, and the sea-water was again 
changed. Examination at 10.28 showed that the great majority but not all of the 
fertilizedeggs had lost the jelly; about 5 per cent retained a thick coating like that 
of unfertilized eggs; these exceptional eggs all showed the typical fertilization- 
membrane, outside of which was the jelly; in the other eggs the India ink was in 
direct contact with the membrane. 


It should be noted that the thickness of the jelly about unfertilized 
eggs is variable, but that there is no corresponding variability in the 
rate of osmotic swelling, which is uniform in all eggs. The same is 
true of fertilized eggs; although the jelly is retained ina few of these, 
all show the same rapid rate of swelling; evidently if the jelly hindered 
the entrance of water, a small proportion (the 5 per cent or so retaining 
the jelly) ought to swell slowly like unfertilized eggs. 

Eggs from the above lot were washed by six successive changes of sea-water 
(with intervals of ten to fifteen minutes between washings); examination then 
showed them to be almost entirely free from jelly; a few, however, (less than 5 
per cent), retained the typical coating. Control eggs from the same lot left un- 
washed and examined at the same time (11.30) showed jelly in the great majority. 
The jelly disappears slowly if the eggs are allowed to stand in sea-water; five 
hours after removal from the animals it remained in only about 35 to 40 per cent 
of all eggs. 


That the change in the rate of swelling after fertilization is quite 
independent of the presence or absence of jelly is shown by the follow- 
ing experiment. 


Part of the above eggs which had been freed from jelly by washing were fer- 
tilized at 11.43. At 12.05 unfertilized and fertilized eggs of this lot were placed 
separately in dilute sea-water (60 volumes tap-water plus 40 volumes sea-water). 
Within two minutes the difference in size was apparent, the fertilized eggs being 
distinctly the larger. After four minutes (at 12.09) eggs from the two lots were 
mixed and examined in a watch-glass as before; the contrast between the smaller 
denser unfertilized eggs and the larger paler fertilized eggs was then most strik- 
ing; later as the osmotic equilibrium was neared in both eggs the difference be- 
came less marked. After twelve or thirteen minutes cytolysis had begun in the 
unfertilized eggs. 
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The essential results of these observations may be summarized as 
follows: (1) The jelly is variable in freshly shed eggs and absent in a 
good proportion; nevertheless the rate of swelling is remarkably uni- 
form; the variability in the size of the eggs, after remaining several 
minutes in the dilute medium, appears no greater than in normal sea- 
water. (2) The jelly remains in a small proportion of fertilized eggs, 
yet all such eggs swell at the same rapid rate; no exceptional slowly 
swelling eggs are found. (3) After washing until the jelly is complete- 
ly removed in most eggs the effect of fertilization on the rate of swel- 
ling is precisely the same as before. 

It is clear therefore that the increased rate of entrance of water into 
the egg after fertilization is not due to the removal of an external im- 
peding layer of jelly, but must be referred to a change in the egg it 


self, and most probably to a change in the properties of the limiting 


protoplasmic layer or plasma-membrane which controls the osmotic 
exchange. These observations indicate a change in the plasma-mem- 
brane in the direction of greater permeability to water. Professor 
Loeb remarks: ‘‘it is difficult to understand how this observation can 
throw any light on the mechanism of development, since water dif- 
fuses rapidly enough into the unfertilized egg.”” It is probable that 
the entrance of water and other substances is rapid enough for the 
requirements of the slowly metabolizing unfertilized egg; but the 
measurements given in my paper show that, as regards water at least, 
the rate of entrance is somewhat surprisingly low (see footnote, p. 257); 
and I regard it as probably a significant matter that the membrane 
should be thus relatively “waterproof” previously to fertilization. 
There 1s no known correlation between the permeability to water and 
that to oxygen and carbon dioxide; but if a general parallelism exists, 
as seems not improbable, it is clear that a relatively dense and imper- 
meable plasma-membrane must at least restrict the possibilities of 
oxidation within the egg, since the rate of this process is limited by the 
rate at which oxygen can diffuse into the egg and carbon dioxide leave 
it. The presence of a relatively impermeable surface-layer will tend 
to keep down the rate of any intracellular process, like metabolism, 
which depends upon interchange between the cell and its surroundings. 
Resting eggs and other germs, e.g., seeds and spores, in which the rate 
of metabolism is low—as shown by their ability to live through long 
resting periods—are very frequently enclosed in resistant or water- 
proof coverings; and the case of the unfertilized sea-urchin egg may 
belong in this general category. 
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A permanent increase of permeability to oxygen after fertilization 
may thus be necessary in many eggs in order to provide for the result- 
. ing increase in oxygen-requirements. According to Loeb and Wast- 
| eneys® the relative rates of oxygen-consumption in the unfertilized 
and fertilized eggs of Strongylocentrotus purpuratus are as one to four 
or five; artificial membrane-formation is followed by a similar increase. 
It is noteworthy that the increase of permeability to water following 
fertilization in Arbacia eggs is of a similar order, and that here also 
artificial membrane-formation has the same effect as fertilization; this 
correspondence suggests that permeability to water may be an approxi- 
mate index of permeability to oxygen. Most probably the increase: in 
oxidations is rather an accompaniment or consequence of activation 
than its necessary determining condition or cause. Activation ap- x 
pears to influence oxygen-consumption very differently in different eggs; % 
thus in the starfish egg Loeb and Wasteneys found no significant 
i change after fertilization,“ while in Strongylocentrotus lividus Warburg 


+ found a tenfold increase.” A mere change in the conditions of per- 
| meability would seem insufficient to account for such an effect. It 
| is more likely that the increased permeability after fertilization is 
| merely one expression of a fundamental modification in the general 4 
i, properties of the protoplasmic surface-layer, and that this latter change Fs 


of state forms the necessary condition of the subsequent changes in the 
physiological activity of the egg, including, besides the visible forma- 


ti tive or developmental processes, the greater rate of oxidation and of 
4 general metabolism. We know that after fertilization the plasma- 
membrane is capable of undergoing those periodic variations in its 
i: physical condition which are associated with cell-division,’ and even 
( ) its mechanical properties appear to be different from before;'’ these 


| changes of property and activity may largely determine or control the 
‘ general physiological processes in the egg as a whole. 

: A brief reply to another of Professor Loeb’s criticisms may be not 
/ irrelevant here, since the problems under discussion in his chapter are 
all closely interrelated, and the physiological significance of the various 


8 Loeb and Wasteneys: Journ. Biol. Chem., 1913, xiv, 469. 
4 Loeb and Wasteneys: Arch. f. Entwicklungsmech., 1912, xxxv, 555. 

'’ Warburg: Zeitschr. f. physiol. Chem., 1910, Ixvi, 305. 

16 The resistance of the plasma-membrane of Arbacia eggs to disruption in 
dilute sea-water undergoes a regular and marked decrease at the times of cyto- 
! plasmic division; cf. Journ. Exper. Zo6l., 1916, xxi, 369. 

17 Cf. footnote on page 264 of my paper in this Journal, 1916, x1. 
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processes under consideration is still large ly obscure. In the part of 
his discussion dealing with the action of hypertonic sea-water!> he ad- 
duces a number of facts which appear inconsistent with the hypothesis, 
formerly put forward by me, that this action is exe rted essentially 
upon the plasma-membrane of the egg, and consists in restoring to 
this structure, whose pernu ability has been increased by the initial or 
membrane-forming treatment, the original or normal permeability.'’ 
According to this hypothesis, the treatment with hypertonic sea-water 
reverses, by means of its action on the plasma-membrane, the effect of 
the initial increase of permeability, which otherwise would lead to the 
disintegration of the egg; hence the ‘‘corrective” or life-saving effect of 
the treatment. The fact, however, that the exposure to hypertonic sea- 
water may precede, even by many hours, the membrane-forming treat- 
ment, shows that for the assumed reversal of properties or restitu- 
tion of the membrane a subsequent treatment is unnecessary; evidently 
the same kind of regenerative change takes place spontaneously in eggs 
which have been treated previously with hypertonic sea-water. [am 
of opinion that the hypothesis suggested in my recent paper on partheno- 
genesis in starfish eggs*! may throw light upon this whole question of 
the mode of action of hypertonic sea-water; and that it will also ex- 
plain, consistently with the hypothesis which Professor Loeb attacks 
while upholding one which in certain essentials is very similar in charaec- 
ter—why the treatment with hypertonic sea-water may either precede 
or sueceed the membrane-forming treatment. 

In considering this question it must be remembered that in some 
eggs, notably the starfish egg, no second treatment with hypertonic sea- 


water is necessary; a single properly timed exposure to acid-containing 


sea-water or high temperature results in complete activation.” The 
return of the plasma-membrane to the normal condition after the ini- 
tial increase of permeability evidently takes place spontaneously in such 
eggs. In the sea-urchin egg, however, this is not the case; the egg 


undergoes cytolysis unless treated also with hypertonic sea-water 
This suggests that in the latter egg the material required for the resto- 


'’ The organism as a whole, iil, seg.; cf. 120. 
'° This Journal, 1911, xxvii, 289; Journ. of Morph. 1911, xxii, 695; Journ. Exper. 
Zo6l., 1913, xv, 23. 
Loeb: Artificial parthenogenesis and fertilization, Chapter xi; Arch. f 
Entwicklungsmech., 1914, xxxviii, 409. 
*1 Biol. Bull., 1915, xxviii, 260., ef. 300 
? Lillie: Biol. Bull., loc. cit.; Journ. Biol. Chem., 1916, xxiv, 233 
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ration or regeneration of the surface-film is lacking, but may be pro- 
duced under the influence of the hypertonic sea-water, 7.e., under con- 
ditions which abstract water from the egg. The question is why ab- 
straction of water should favor the production of this material. A 
possible relation between dehydration-processes and the synthesis of 
structure-forming material seems indicated. In the paper cited above 
it was pointed out that an even partial dehydration of the egg-substance 
would in itself be a condition favorable to many intracellular syntheses, 
since such syntheses are for the most part dehydrolytic in character, 
and hence will be promoted by any condition tending to reduce the 
concentration of water at the regions where the condensation is taking 
place. For example, such a dehydrolytie synthesis as that of glycerol 
oleate from glycerol and oleic acid is greatly interfered with by the pres- 
ence of water in the reaction-mixture;* hence abstraction of water 
favors this synthesis; and the same may be assumed to be true for other 
syntheses depending on dehydration. The rapidity of such synthe- 
ses in cells indicate that some powerful dehydrative agency is active 
during life; the nature of this is unknown; one might conceive of al- 
ternate oxidation and reduction as one possibility; or the water-ab- 
stracting agency may be a physical process, or one of a more complex 
physiological kind (like the water-abstracting mechanism of the kid- 
ney). But whatever its nature, any other process working simultan- 
eously in the same direction, like osmotic abstraction of water, will 
tend to supplement and hence to further its action—provided of course 
there is no interference between the two processes.” 

It is possible that the dehydrating and hence the synthesizing power 
of the cell-protoplasm is temporarily below the normal in sea-urchin 
eggs in which artificial fertilization-membranes have been formed; and 
that a supplementary dehydration, such as that due to hypertonic sea- 
water, is required to enable the necessary syntheses to take place. In 
this way the materials needed for the reconstruction of the impaired or 


*8 Cf. Armstrong and Gosney: Proc. Roy. Soc., Ser. B, 1914, Ixxxviii, 176. 

**The formation of polypeptide-like colloidal compounds by the conden- 
sation of mixtures of amino-acids and amides by means of dehydrating agents 
(P.Os, PCl;) was accomplished long ago by Grimaux, Schiitzenberger and Pickering. 

*5In my paper in the Biol. Bull. (loc. cit., 300 seq.) various biological facts 
are cited indicating that syntheses are promoted in other types of cell by ab- 
straction of water. The results of Pavy and Bywaters on the synthesis of glyco- 
gen in yeast cells in differently concentrated sugar solutions seem especially 
significant in relation to the present hypothesis (Journ. of Physiol., 1907, xxxvi, 
149). 
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over-permeable plasma membrane are furnished, and the latter regains 
its normal condition. It is only necessary to assume that a reserve of 
such materials is present in eggs that have previously been treated 
with hypertonic sea-water, in order to aceount for the beneficial effect 
of such treatment. Such eggs have already been brought into a con- 
dition in which they are no longer deficient in the necessary const ruc- 
tive materials; in this respect they are then similar to starfish eggs, 
which develop after membrane-formation without any second treat- 
ment. Hence in such pre-treated eggs the cell-division process pro- 
ceeds normally after membrane-formation; while in untreated eggs it 
soon stops short, under conditions that suggest a lack of the material 
needed to reconstitute the plasma-membranes; this last is indicated by 
the fact that irregular changes of form and imperfect cleavage, soon 
followed by cytolysis, are characteristic of such eggs. 

The characteristic behavior just described has been interpreted }y 
Loeb as indicating that artificial membrane-formation “leaves the egg 
in a sickly condition in which the very processes leading to cell-divis- 


ion bring about its destruction;’® recovery from this condition is 
promoted by hypertonic sea-water. This conception seems to me 
especially interesting because of its suggestion that a change specifically 
associated with cell-division is the destructive factor. I have shown 
recently that during the time of normal cytoplasmic division the 
plasma-membrane of the Arbacia egg loses its former coherence and 
tenacity—so that the egg loses temporarily its resistance to destruction 
by dilute sea-water—and regains these properties after cleavage is 


completed.27 In other words, at each cell-division the membrane 


passes through a evcle of physical or structural change involving first 
a loss and then a restoration of the properties which it possesses in 
the intervals between cleavages. The prompt return of resistance 
after the cleavage-furrow is complete indicates clearly that a reverse 
or reconstructive process takes place in the surface-film at the close of 
each division; there is evidence of a similar process after the initial 
surface-change of normal activation, as already pointed out. We may 
assume that if the material required for this reconstruction at any 
cell-division is insufficient or lacking only the first part of the division 
cycle can be carried out normally; the plasma-membrane then remains 
in the unstable and over-permeable condition shown during the for- 
mation of the furrow, with the result that breakdown soon follows; 


26 The organism as a whole, 115. 
27 Journ. Exper. Zodl., 1916, xxi, 369 
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such a view accounts for the failure of cell-division to continue in eggs 
which have been subjected to the membrane-forming treatment alone. 
The division-process itself, since it involves as its first phase a disinte- 


grative or permeability-increasing change in the plasma-membrane, 
acts destructively on such eggs. The need of a synthetic process 
immediately succeeding each division may thus form the reason why 
the hypertonic treatment enables cell-divisions to continue. The 
material required to reconstitute the membrane after each division 
may be the same as that synthesized under the influence of the hyper- 
tonic sea-water; but it seems more probable that a new synthesis is 
necessary for each division, and that the beneficial action of the treat- 
ment upon the succeeding divisions is exerted somewhat indirectly. 
Presumably what is essential is that the initial reeconstruction—that 
following the separation of the fertilization-membrane—should be com- 
plete, and should bring the plasma-membrane into an entirely normal 
condition. Then the succeeding divisions, each of which presumably 
has its own specific synthesis associated with it. may be carried out 
normally; and development proceeds as far as external and other con- 
ditions permit. 

To recapitulate briefly: what is essential in the effect of the hyper- 
tonic treatment is not that it should follow or precede the membrane- 
forming treatment, but that it should rectify a deficiency in the supply 
of certain structure-forming materials in the egg, which are required 
for the reconstitution of the plasma membrane. This material is 


synthesized by a dehydrolytie process, hence is furthered by abstract- 


ing water from the egg. 

[ wish to point out here—since our conclusions regarding this sub- 
ject have evidently been reached independently—that this hypothesis 
is quite consistent with one put forward by Professor Loeb in his book 
on Artificial Parthenogenesis and Fertilization. He suggests that the 
effect of the hypertonic solution is possibly “due to the formation of a 
definite substance which is retained by the egg and which is a pre- 
ventive against the disintegration following membrane-formation.’’ 
But in pointing out this correspondence in our views I have no wish 
to disclaim responsibility for the more special features of the hypoth- 
esis summarized in the last paragraph. The view that the disinte- 
gration following membrane-formation is due to the persistence of a 
state of increased permeability resulting from the membrane-forming 
treatment, is essentially a corollary of the more general conceptions 


*8 Loeb: Artificial parthenogenesis and fertilization, 121. 
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which I have long held regarding the characteristic properties and 
physiological significance of the plasma-membrane of cells. If an 
initial increase of permeability is the critical process in the activation 
of the resting egg—as apparently also in the analogous process of 
stimulation— it is clear that the condition of increased permeability 
cannot be permanent; a reverse change must follow, 7.e., a return to 
the semi-permeable and polarized state of the plasma-membrane if 
the egg is to remain living. Otherwise diffusion-processes will soon 
cause the disintegration of the cell. It thus seems reasonable to infer 
that if the initial change in activation involves as its most essential 
feature a surface-alteration, so also must the second or “corrective” 
change. Loss of semipermeability in any cell must lead to eyvtolysis 
unless the semipermeable condition is regained soon—or at least before 
disintegration and loss of protoplasmic constituents have proceeded to 
an injurious degree. The view that the corrective effect of hypertonic 
sea-water is thus due primarily to its action upon the cell-surface, 
and consists in restoring to the latter its original semipermeability, 
is at least a logical one; evidently a reconstitution of the altered sur- 
face-film must result in some manner from the treatment; this effect 
may be indirect, as suggested above, but at least it is indispensable to 
the continued life of the egg, and for this reason must be regarded as 
the essential effect of the treatment. 

The fact that anaesthetics and lack of oxygen prevent the hyper- 
tonic solution from exerting its usual action*® is consistent with the 
foregoing view. Anaesthetics are well known to prevent growth and 
cell division,®® and it is to be presumed that their interference with the 
action of hypertonic sea-water has some connection with their power of 


preventing growth. Probably in both cases they render impossibl 


certain necessary constructive processes, both chemical and structural! 
There is now much evidence for the theory that anaesthetic action 
consists essentially in a certain reversible modification of the plasma- 
membrane; this structure is rendered temporarily more resistant to 
modification of any kind, hence all processes in which the membrane 
actively participates (stimulation, growth etc.) are retarded or pre- 

2°Cf. Loeb: Artificial parthenogenesis and fertilization, Chapter xi. That 
anaesthetics inhibit the action of hypertonic sea-water upon Arbacia egg 
shown in my recent paper in Journ. Exper. Zoél., 1914, xvi, 591 

3° Cf. Claude Bernard’s experiments upon the anaesthesia of growth in “ Le 
cons sur les phénoménes de la vie,”’ i, 267. For the influence of anaesthetics 
upon cell-division in Arbacia eggs cf. my recent paper in Journ. Biol. Cher 
1914, xvii, 121. 
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vented.2' The fact that anaesthetics prevent the action of hypertonic 
sea-water is a further indication that this action consists in some mod- 
ification of the plasma-membrane; possibly both the synthesis of the 
materials needed for the reconstitution of the surface-protoplasm and 
their deposition in this layer are impossible in the presence of the 
anaesthetic. Some chemical combination evidently underlies the ac- 
tion of hypertonic sea-water, as Loeb first pointed out; this is indicated 
clearly by the temperature-coefficients; and the further fact that oxy- 
gen is necessary for this action and that it is prevented by cyanide 
indicates that oxidations are essentially concerned.*? Possibly the 
syntheses are dependent on oxidation-processes, as in the oxidative 
syntheses of Schmiedeberg. 

The fundamental physiological processes concerned in the activation 
of the resting egg are probably common to all living cells, although in 
the details of their manifestation they vary from cell to cell. In par- 
ticular the existence of a highly developed regulative property in the 
plasma-membrane must always be assumed; if the integrity of the 
cell is to be preserved, any aiteration involving injury to the membrane 
must be followed by a reverse or regenerative process which restores 
semipermeability. In all such membrane-processes metabolism enters; 
and the combination of metabolic construction and destruction pos- 
tulated by Claude Bernard as essential to all life-processes is as neces- 
sary for the maintenance of the normal properties of the plasma- 
membrane as for that of any other living structure. Thus the assump- 
tion that in the fertilized egg-cell a reverse or reconstructive change 
takes place in the surface-film after membrane-formation is consistent 
with the facts of cell-physiology in general. Similarly at each cleavage 
the same condition appears to exist; during cytoplasmic division the 
plasma-membrane loses its former coherence and consistency, and 


5! The evidence for this theory is discussed at length in my recent article on 
“The theory of anaesthesia’ in the American Yearbook of Anaesthesia, 1916; 
also in Biol. Bull. 1916, xxx, 311. 

“Cf. Loeb: Artificial parthenogenesis and fertilization, Chaper xi. In con- 
sidering the mode of action of hypertonic sea-water the fact that it may cause 
complete activation, acting alone, must not be forgotten. This fact, however, 
is not inconsistent with the above point of view; quite possibly, as Professor 
Loeb suggests (organism, 122), the initial effect of treatment with this agent may 
be membrane-forming (or what corresponds), and only the later effect ‘‘correc- 
tive.’”’ The sudden change of osmotic pressure when the eggs are first placed in 
this medium may act in a manner analogous to that of osmotic stimulation; later 
the general reparative or synthesis-favoring influence has time to assert itself, 
and the cycle of surface-change is completed. 
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recovers these properties when division is completed; this recovery 
is also to be regarded as the expression of a synthesis and redeposition 
of the necessary structural materials in the surface-layer.® 

It may not be superfluous to call attention once more to the resem- 
blance between these conditions and those of stimulation in general. 
In most irritable elements (nerve, muscle, ete.) the electromotor varia- 
tion is the only indication of a surface-change associated with stimula- 
tion; but a reversible alteration of the surface-film must be assumed 
to occur in this case, just as in the dividing egg-cell; and presumably 
it is accompanied, as in the latter case, by a destruction and subsequent 
redeposition of structural material. In irritable elements the determin- 
ing conditions for these two reverse processes appear to be electrical; 
when the living cell forms part of an electrical circuit, there is depo- 
larization where the positive stream leaves the cell, and increased posi 
tive polarization (or repolarization) where it enters; at the former region 
excitation is aroused, at the latter it is inhibited. This general con- 
dition indicates that electrical factors—probably electrolytic in char- 
acter since the two polar effects are opposite in character—play the 
determining part here.** Conditions in one type of cell often throw 
light upon those existing in another type where observation of the 
same kind is not possible; the recognized importance of the electrical 
factor in stimulation indicates that in other cell-processes, like the 


activation of the resting egg and cell-division, it may be equally im- 


portant. Further discussion of this subject must be deferred for the 
present. 


33 The following quotation from Bernard's ‘*Lecons sur les phénomeénes de 
la vie’’ (i, 127) is singularly apposite here (I translate freely): ‘The process of 
disorganization or disassimilation uses up or destroys the living substance in 
functioning organs; the process of assimilative synthesis regenerates the tissue; 
it reassembles or restores the reserve-substances which are destined to be con- 
sumed in future activity. These two inverse processes of destruction and reno 
vation are absolutely and inseparably interconnected, at least in the sense that 
the destruction is itself the necessary condition of the renovation. The phenom- 
ena of functional breakdéwn in living material are themselves the precursors 
and instigators of the renovation accomplished by the formative process, which 
works silently and obscurely in the interior of the tissue. Losses are thus re- 
paired as rapidly as they are caused; and since equilibrium tends to re-establish 
itself as soon as it is destroyed, the normal composition of the living body is 
maintained.’’ In this process of restitution, as Bernard points out elsewhere, 
both a chemical synthesis and a morphological synthesis—7.e., a reformation of 
organized structure—take part. 

34Cf. my recent paper on the physical chemistry of the conduction of the 
excitation-state, in this Journal, 1916, xli, 126. 


| 
| 

iq 


THE EFFECT OF STARVATION ON THE CATALASE CON- 
TENT OF THE TISSUES 


W. E. BURGE anp A. J. NEILL 
From the Physiological Laboratory of the University of Illinois 


Received for publication January 24, 1917 


When an animal is starved or is supplied with an insufficient amount 
of food to meet the wear and tear and energy requirements of the 
body, the tissues themselves are consumed. The extent of this con- 
sumption differs very widely in the different organs. The heart, for 
example, loses very little in weight while the skeletal muscles lose 
much, the fat and glycogen completely disappear. The organs in 
which metabolism is most intense, such as the heart and central nerv- 
ous system, preserve themselves best while the organs in which 
metabolism is less intense waste away. The preservation of the 
working tissues is thought to be brought about by the autolysis of the 
other less active tissues. The products of autolysis of these less 
active tissues pass into solution in the blood, are carried to the master 
tissues and used. The object of this investigation was to determine 
what change, if any, occurs in the catalase content of the heart, skeletal 
muscles and fat during starvation with the hope of finding an explana- 
tion for the fact that the heart muscle is not autolyzed during starva- 
tion while the skeletal muscles and fat are. 

Twelve rabbits were placed in a cage and fed for six days on cab- 
bage, turnips and apples. At the end of this time two of the rabbits 
were etherized and the blood vessels washed free of blood by the use 
of large quantities of 0.9 per cent sodium chloride. The heart, soleus 
muscle (red muscle) and fat around the kidney were removed and 
ground up separately in a hashing machine. The catalase content of 
these tissues was determined by adding one gram of the material to 
45 ec. of hydrogen peroxide in a bottle. As the oxygen gas was liber- 
ated it was conducted through a rubber tube into an inverted burette 
previously filled with water. After the oxygen gas thus collected was 
reduced to standard atmospheric pressure the resulting volume was 
taken as a measure of the amount of catalase in one gram of the tissue. 
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A full description of the method is given in a previous publication (1 
The catalase content of the heart, soleus muscle and fat of rabbits 
starved for two, four and six days respectively was determined as it 
had been for the normal rabbits. The results of these determinations 
are given in table 1. Each of the determinations represents an aver- 
age for two animals. 


TABLE 1 


After heart, leg and fat are given the amounts of oxygen in cu 
erated in ten minutes from 45 cc. of hydrogen peroxide by the catalase 


of the re spective muscles of rabbits 


STARVEIL STARVED 


RABBITS NOKMAI 
rwoO DAYS FOUR DAYS 


It may be seen in table 1 that one gram of the heart muscle of th 
normal rabbit liberated 73 ec. of oxygen in ten minutes from 45 ec. of 
hydrogen peroxide; that of the rabbits starved for two, four and six 
days liberated 71, 75 and 75 cc. of oxygen respectively; that 1 gram 
of the leg muscle of the normal rabbit liberated 72 ce. of oxygen; 
that of the rabbits starved for two, four and six days liberated 58, 54 
and 44 ec. of oxygen respectively ; that one gram of the fat of the normal 
animals liberated 33 cc. of oxygen, that of the animals starved for two 
and four days liberated 13 and 12 ce. of oxygen respectively while 
there was not sufficient fat in the animals starved six days for a 
determination. 

By comparing the amounts of oxygen liberated by the heart of the 
animals starved for the different lengths of time it will be seen that 


starvation produced no effect on the catalase content of the heart 


muscle, that it reduced the catalase content of the leg muscle by 37 
per cent as is indicated by the decrease from 72 ec. of oxygen, the 
amount liberated by 1 gram of the muscle of the normal animals to 
44 cc., the amount liberated by the muscle of the animals starved for 
six days. It may also be seen that the catalase content of the fat was 
reduced during the first two days of starvation by about 61 per cent 
as is indicated by the reduction of oxygen liberated from 33 ee., the 
amount liberated by one gram of fat of the normal animal to 13 cc., the 
amount liberated by one gram of fat of the animal starved for two 


STA 
Heart 73 71 75 75 
Leg 72 58 54 14 
Fat 33 13 12 No fat 
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days, and that the catalase content of the fat remained low during the 
rest of the period of starvation. 

The preceding experiments show that the catalase content of fat 
and skeletal muscles which are autolyzed during starvation is decreased 
while it remains normal in amount in the heart which is not autolyzed 
during starvation. It has been shown that the amount of oxidation 
in a tissue is proportional to the amount of catalase present (1). From 
this it follows that oxidation is decreased during starvation in tissues 
such as fat and skeletal muscles in which the catalase is decreased, 
and remains normally high in a tissue such as the heart muscle. It is 
known that the autolyzing enzymes in common with other enzymes 
are destroyed by oxidation (2). The great resistance of the heart 
muscle to the digestive action of the autolyzing enzymes during star- 
vation may be due to the intense oxidation in this organ, the assump- 
tion being that the autolyzing enzymes are oxidized and thus rendered 
inert. By the great decrease in the oxidative processes of skeletal 
muscles and fat during starvation the check on the autolyzing enzymes 
is removed and they are thus left free to digest these tissues. 

Conradi (3), Rettger (4), and Effront (5) showed that when bacteria 
and yeasts were starved by being placed in a physioiogical salt solu- 
tion, where there was no food, they were autolyzed. The explanation 
usually offered for this bacterial autolysis is that “the normal existing 
autolytic processes are not counteracted by synthesis of new protein 
material.”” A more plausible explanation would seem to be that by 
starvation the oxidative processes are decreased, thus removing the 
normal check on the autolytic enzymes, with resulting digestion of 
the cells. 

Neuberg (6) found that when cancer tissue was exposed to radium 
rays the rate of autolysis of this tissue was greatly increased. He also 
found that the autolyzing enzymes of this tissue were not destroyed as 
were the oxidizing and other enzymes by the exposure. On the basis 
of the experiments reported in this paper it is assumed that the great 
increase observed in the activity of the autolyzing enzymes in the can- 
cer tissue when exposed to radium rays was made possible by the de- 
crease in oxidation in this tissue which in turn was due to the destruc- 
tion of the oxidizing enzymes by the rays, thus leaving the autolzying 
enzymes free to digest the cancer tissue. 

It has been shown that the resistance to the digestive action of tryp- 
sin of unicellular organisms, paramecia, living in a solution of this 
enzyme can be decreased by decreasing the oxidative processes so that 
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these organisms are literally digested alive and that they are revived, 


provided digestion has not proceeded too far, when normal oxidation 
is restored (7). From these and similar experiments (8) the authors 
conclude that the means by which living cells protect themselves from 
being digested by intracellular as well as extracellular enzymes is 
oxidation. 


CONCLUSIONS 


From the evidence presented in this paper the conclusion is drawn 
that the catalase content of the heart, which is not autolyzed during 
starvation, remains normally high while the catalase content of the 
fat and skeletal muscles, which are autolyzed during starvation, is 
greatly decreased. In view of the fact that the catalase content of s 
muscle is directly proportional to the amount of oxidation in the mus- 
cle and that the autolyzing enzymes are destroyed by oxidation, th: 
further conclusion is drawn that the heart is not autolyzed during star- 
vation because oxidation in this organ remains normally intense and 
thus provides for this oxidation of the autolyzing enzymes and the main- 
tenance of the normal balance between oxidation and autolysis; on the 
other hand the fat and skeletal muscles are autolyzed during starvation 
because of the decreased oxidation which leaves the autolytic enzymes 
free to digest these tissues. 
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The secretion of an abnormally large amount of saliva has been ob- 


served frequently in various organic paralyses and is sometimes con- 
sidered symptomatic, but no accurate determination of the quantity 
of secretion in such cases has been made nor has the condition of the 
salivary reflexes been studied. As it seemed possible that a study of 
such conditions might contribute something to our understanding of 
the cortical control of secretion, I gladly took advantage of the oppor- 
tunity to examine the salivary reflexes in a number of organic cases 
available at the Government Hospital. The secretion of the parotid 
gland alone was studied, as there is no satisfactory technique for deter- 
mining the reflexes of the submaxillaries. The method used for collect- 
ing the saliva was that which I have fully described in an earlier paper.' 
Briefly this is accomplished by having a drainage tube attached by suc- 
tion, over the mouth of Stenson’s duct so that the saliva may run out 
unimpeded through‘a small tube. The drops falling from the tube 
vary only slightly in size and a count of their number gives an accurate 
measure of the quantity of saliva secreted, except in cases where there 
is a pronounced change in the viscosity of the secretion. 

Observations were made upon nine patients with more or less fully 
developed hemiparesis or hemiplegia. They included (1) tests of the 
volume of secretion without stimulation; (2) tests of the reflex secretion 
to ordinary gustatory stimuli; (3) various attempts to induce inhibi- 
tion of secretion; and (4) tests of possible conditioned or “ psychic’’ re- 
flexes. Brief descriptions of the cases studied are given below, only the 
important and more pronounced symptoms being included. 


' Reflex secretion of the human parotid gland. Journ. Exper. Psych., 1916 
i, 461-493 
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CEREBRAL LESIONS AND SALIVARY SECRETIONS 
J. E. Female, colored, aged 72. Right hemiplegia of eight years standing 
The paralysis was of gradual onset At the time of the tests the subject showed 


contracture of the right arm with atrophy of disuse, right leg only slightly in 
volved, hyperactivity of the muscles of the right side of the face during speech 
the tongue protruded in the median line, no defect of speech. Wassermann re- 
action was negative, no history of convulsions Phe patient is well nourished 
and shows no trophic disturbances 


W.S. Male, aged 24. Crossed hemiplegia (syphilitic) of four years standing 


The first symptom was a right facial paralysis which cleared up almos once 
and was followed in two months by paralysis of the left arm and leg with grad 


ually developing contractures. Tongue is protruded in the median line, the mus- 
cles of the left side of the face are atrophied, those of the right somewhat stiff 
so that only the left side of the mouth contracts when smiling soth sides 
are retracted equally in voluntary movement. There are no marked trophic 
disturbances 

J. S. Male, aged 46. Hemiplegia (syphilitic) of eighteen years standing 
Contractures of left arm and leg. There is stiffness and only slight voluntary 
control of the muscles of the left side of the face. Tongue in voluntary move- 
ment is protruded to the right, speech is thickened with occasional drooling of 
saliva. There have been no convulsions in recent vears. The patient is some- 
what emaciated. 

1.W. Male, aged 35. Hemiplegia (syphilitic) of eight years standing, with 
aphasia, now partly recovered. There are contractures of the right arm and leg 
with but little evidence of facial involvement; the tongue is protruded in median 
line. The patient is excessively obese but shows no other trophie disturbances 

E. P. Male, aged 37. Hemiplegia (syphilitic ) of eight years standing, with 
complete aphasia. The first symptom was a paralysis of the right side of the 
face, following a convulsion, from which the patient partly recovered. A second 
convulsion was followed by a right hemiplegia with left facial paralysis, invol- 
ving the tongue and soft palate, and with aphasia. At present there are con- 
tractures of the left arm and leg, stiffness of the muscles of the right side of the 
face with tremor of the left The tongue deflects to the right and ean be pro- 
truded only slightly. The patient drools saliva continuously. He has had one 
or two convulsions per year but they are beconing more infrequent. He is ex- 
cessively obese. 

J. E. Male, aged 51. Traumatic spastic paralysis of right side, of seven 
years standing. History of many convulsive seizures extending to the present 
time. The right side of the face, the tongue and soft palate are involved in the 
paralysis. There is occasional drooling of saliva 

J. H. Male, aged 46. tight hemiparesis following trauma, of seven years 
standing. Convulsions involving right side occurred during the first two vears 
after onset. There is no evidence of facial paralysis. The patient shows a fre 
quent spasmodic laughter during which there is occasional drooling of saliva 
The patient is large, well nourished, and shows no trophic disturbances 

V.S. Male, aged 34. Hemiparesis (syphilitic) with contracture of right 
ceps, of four years standing. Progressive development of weakness of right sid« 
Slurring speech and spasmodic laughter. No evidence of facial involvement 
No trophic disturbances. 
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P.M. Male, aged 35. Hemiplegia (syphilitic) involving left side, of seven 
years standing. Deteriorated, with restriction of speech to stereotyped sen- 
tences but without appreciable motor speech defect. Left side of face and pal- 
ate show spastic paralysis, and there is a slight atrophy of the left side. Volun- 
tary movement of lips is defective. The patient has an excess of abdominal fat. 


All the patients showed an exaggeration of reflexes, with varying 
degrees of hypertonicity. None showed any malnutrition or evidence 
of ill health beyond the paralysis or paresis. J. E. had a convulsive 
seizure two weeks after the examination, but none of the others had 
given any symptoms of central irritation for a year or more. 

Unstimulated secretion. The rate of secretion of all the patients with- 
out exterostimulation was determined. After the attachment of: the 
drainage tube and a wait of five minutes or more to allow the effects 
of the stimulation of the mouth from the attachment of the tube to 
subside, the number of drops falling from the tube during each of 
twenty or more successive minutes was recorded. Only one drainage 
tube was placed in position at a time, as it is difficult to record the 
flow from two tubes simultaneously. This introduces a slight source 
of error in the comparison of the secretion of the two glands, since the 
rate of secretion may be modified to some extent by bodily fatigue, ete. 
But in each case where there was a pronounced difference in the secre- 
tion of the two sides, this difference persisted irrespective of which of 
the drainage tubes was applied first, and the ratio of the secretion on 
the two sides was not altered even by considerable differences in the 
conditions of stimulation during the two determinations. 

The size of the drops falling from the drainage tube is fairly uniform, 
about 0.06 to 0.07 ce., and for readier comparison with the data ob- 
tained by other observers the rate of secretion has been expressed in 
terms of cubic centimeters per hour, computed from the number of 
drops secreted in twenty minutes. The rates of secretion without 
extero-stimulation, determined for the nine subjects, are given in 
table 1. 

The average secretion of a single parotid gland in normal individuals 
varies from 0.5 to 8.0 cc. per hour, never more in any case which has 
been recorded. The secretion of the majority of the pathological sub- 
jects, as recorded above, falls well within these limits. In two, per- 
haps three, of the nine patients tested there was, however, a secretion 
significantly above the mormal. Subject E. P. showed the most pro- 
nounced excess of secretion. If we estimate the quantity of fluid given 
off by the submaxillary and sublingual glands as half that of the parotids 
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(probably a very considerable underestimation) we may find that 
this subject secretes almost two liters of saliva daily, exclusive of the 
additional flow excited by food. The patient J. M. secreted an almost 
equal quantity. That the heightened secretion in these patients is 
characteristic and not the result of temporary accidental stimulation is 
shown by its persistence day after day. Thus the rates of secretion 
shown in table 2 were obtained with E. P. in tests extending over two 
weeks. 
TABLE 1 


The amounts of secretion of parotid saliva in cases of paralysis. The figures express 
the total secretion in cubic centimeters per hour with no stimulation of the mucosa 
of the mouth 


| 
SUBJECT RIGHT PAROTID | LEFT PAROTID 


64 4.20 
08 2.52 
19 14 
42 
36 
26 
29 
17 
82 


Aside from the exaggerated secretion in the three subjects the data 
on the rate of secretion without stimulation shows little abnormality 
The differences in the quantities secreted by the two glands are, except 
in the three patients showing abnormal secretion, not greater than those 
found in normal men and lie well within the probable error of the 
measurements. The relation of the differences in secretion of the two 
glands in these three patients will be discussed below. 

Reflex secretion. Tests were made of the reflex secretion of all the 
subjects to dilute acid and other gustatory stimuli and of reflex inhibi- 
tion by strong muscular effort. In all but four subjects (J. H., E. P., 
J. M. and J. E.) these reactions seemed in every respect normal. The 
reflexes were prompt, inhibition of secretion occurred both during nor- 
mal muscular activity and during attempts to move the paralyzed 
limbs, and the quantity of secretion obtained was proportional to the 
concentration of the stimulating solutions used (HCI, from 0.2 per cent 
to 5.0 per cent). Further tests showed the normal relation of secre- 
tion to stimulation of the two sides of the tongue, unilateral stimu- 
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J. E. (talking constantly) 1 
J. H. (almost constant laughter 5 
3 
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lation exciting the gland of the same side to a greater extent than that 
of the other. Evidence for the existence of conditioned reflexes was ob- 
tained in but few cases; the difficulty of exciting conditioned reac- 
tions in normal subjects, however, makes their absence in these cases 
insignificant. Each of the remaining subjects showed variations from 
the normal which it seems advisable to consider separately. 

The salivary reflexes of J. H. seemed to be very much reduced. 
Stimulation of normal subjects with a 2 per cent solution of HCl ex- 
cites a secretion of from 10 to 30 drops (0.7 to 2.1 ec.) from each parotid 
gland. Only one of the other pathological subjects gave less than 
8 drops of secretion in response to this stimulation. J. H., however, 
never gave more than 5 drops of saliva after stimulation with the acid 
and usually he secreted only 2 or 3 drops. The patient is partly anos- 
mic, unable to distinguish the most common odors, and his sensitivity 
to protopathie acid stimuli seems reduced, although he retains sensi- 
tivity to the four primary taste substances. The reduction of the re- 
flexes may be the result of this sensory defect. 

The second abnormal characteristic of the patient’s reflexes was an 
extremely slow reaction time. The exact reaction time of the salivary 
glands is difficult to determine, owing to the fact that the secretion 
must be forced through a somewhat elastic duct, but with normal sub- 
jects under moderately strong stimulation I have never seen it exceed 
10 seconds. The reaction time of J. H. was very much greater than 
this. His reflex secretion, which appeared always as several drops of 
the saliva coming in rapid succession, never appeared in less than 
twenty seconds after the application of the stimulus. His average reac- 
tion time determined from twenty observations was 32.2 seconds, with a 
range from twenty to seventy seconds. The time of reaction was in- 
dependent of the subject’s spasmodic laughter, there was no indication 
of abnormality in the ducts which might retard the flow of the saliva, 
and the rate and duration of the reflex secretion, once initiated, were 
not abnormal. It seemed probable, therefore, that the long reaction 
time was the result of some defect in nervous organization. In other 
respects the patient’s reflexes were normal, equal on the two sides, and 
showed the usual relations to stimulation of different parts of the tongue. 

Since EK. P. showed such a marked excess of secretion in the absence 
of stimulation he seemed particularly favorable for study and an exten- 
sive series of tests was undertaken in the hope of revealing some re- 
lation between the increased salivation and the paralysis. The data 
given in table 2 show that the excess secretion is a characteristic condi- 
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CEREBRAL LESIONS AND SALIVARY SECRETIONS 
rABLI 
The amounts of parotid secretion obtained from E. P. in tests on different days. 
The quantities are given in cubic centimeters per hour 
DATE RIGHT PAROTID LEFT PAROTID 
August 21 18.5 20.2 
August 30 21.3 32.3 
August 31. 21.9 35.7 
September | 15.8 25.2 
September 3 16.8 32.8 
September 4 33.6 
Average 18.7 9 


tion of the patient and that the difference in the secretion of the two 
glands is likewise constant. The patient has a residual paralysis of the 
left side of the face with involvement of the tongue and soft palate. The 
quantity of unstimulated secretion of the left parotid is about 60 per cent 


rABLE 3 


Reflex secretion of the parotid glands to gustatory stimulation with dilute acid 
The quantitives secreted during one minute preceding and one minute following 


stimulation are given. Subject E. P. 
RIGHT PAROTID LEFT PAROTID 
Before After stimulation Before After stimulation 


HCl, 1 per cent (1 ce. 


drops droj drop drop 

t 5 7 8 

8 6 10 

11 9 

5 1] 7 9 

4.2 9.5 7.0 9.0 Averages 


drops drop droj drop 
1] 6 14 
4 15 7 13 
4 15 6 12 
3 16 7 16 
4 20 6 17 


Averages 


‘3 
- 
a HCl, 2 per cent (1 ce 
3.8 15.4 64 14 
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greater than that of the right. In contrast to this the reflex secretion 
of the two glands is approximately the same. The left parotid gave 
little evidence of reaction to weak stimuli so that its rate of secretion 
after stimulation with dilute taste substances (1 per cent HCl, for ex- 
ample) was no greater than that before the application of the stimulus. 
The threshold of reaction of the right parotid was much less than that 
of the left and its reactions increased with increased strength of stimu- 
lation until it equalled the quantity secreted by the left. The relative 
reactions of the two glands in response to 1 per cent HCl are shown in 
figure 1. To stronger stimulation both glands reacted about equally 
with perhaps the more intense reaction in the right. The reactions of 
the two glands to 1 and 2 per cent 
solutions of acid are given in table 
3. 

The patient was aphasic and 
badly demented so that he did not 
coéperate well in the experiment 
and the results are not so clear as 
they might have been made if it 
had been possible to control the 
distribution of the stimulating 

an substance in the mouth and to 


12 


Fig. 1. The relative intensity of re- 2Void disturbing movements. 
flex secretion of the right and left parot- The results suggest, however, that 
id glands under the same conditions weak stimuli did not affect the 
of gustatory stimulation. -Right patient’s left parotid until they 
parotid; ---- left parotid. Stimulus 
applied during 9th and 13th minutes. reached an intensity sufficient to 
(Patient E. P.) excite a secretion of the right 

gland equal to the constant secre- 
tion of the left. The reactions of his left parotid to unilateral stimu- 
lation of the tongue also differed from those of the right. With equal 
stimulation applied first to one side of the tongue, then to the other, 
the right parotid gave uniformly about twice as much secretion to stim- 
ulation of the right as to the stimulation of the left. The left parotid 
gave, on the contrary, almost exactly the same amount of secretion in 
response to stimulation on either side of the tongue. 

The tremendous spreading of excitation in these paralytics when 
they attempt to move the paralyzed limbs suggested the possibility that 
an increase in secretion might occur during such effort. In this patient 
and in all the others tested, however, strong muscular effort or attempt 
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at movement resulted in inhibition of secretion, just as it does in nor- 
mal individuals. The inhibition of secretion resulting in E. P. from a 
series of attempts to grip strongly with the paralyzed hand is shown 
in figure 2. A part of the reduction in secretion may be the result of 
constriction of the ducts by contraction of striped muscle, but extensive 
experiments on normal individuals (op. ¢.) have failed to reveal any 
mechanism by which such a constriction can be brought about 
voluntarily. 

Various attempts were made to obtain evidences of conditioned re- 
flexes at the sight and odor of food. Fairly clear evidence for an in- 
crease in the secretion 
of the right parotid at 
the sight of food was 
obtained and no evi- 
dence of a similar exci- 
tation of the left parot- 
id was found in a long 
series of tests with a 
rariety of foods. The 
data obtained indicated 
an abolition of the con- 
ditioned reflexes of the 
left parotid and not of 
the right. It is diffi- 


cult, however, to ob- 
tain conditioned secre- Fig. 2. The inhibitory effect of strong muscular 
effort upon the rate of secretion of the parotid gland. 


tion even in normal 


é During the minutes indicated by circles the patient 
subjects under labora- 


(E. P.) gripped a dynometer with his paralyzed 
tory conditions andthe hand.——Right parotid; - - - - left parotid. 

failure to get it in this 

deteriorated patient is therefore scarcely significant. 

Patient P. M. did not coéperate well, talked constantly and became 
restless under the restraint of the experiment. As a result, tests could 
be continued for a total of only four hours, which permitted only a de- 
termination of the secretion without stimulation, the reactions to two 
intensities of gustatory stimuli, and the inhibitory effects of attempts 
to move the paralyzed limbs. 

The rate of secretion without stimulation did not vary greatly dur- 
ing the two days on which it was tested. The difference in the secre- 
tion of the two glands noted above also remained constant. The 
rates of secretion determined for the two days were: 
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September 15. Right parotid, 14.2 ce. per hour 
Left parotid, 27.8 ec. per hour 
September 17. Right parotid, 19.7 ec. per hour 
Left parotid, 23.7 ee. per hour 


The reactions of the left parotid to acid stimuli were somewhat greater 
than those of the right, the averages being the following: 


HCl 1 per cent. Right parotid, 12 drops 
Left parotid, 15 drops 
HCl 2 per cent. Right parotid, 14 drops 
Left parotid, 22 drops 


There was no indication of a difference in the threshold of the two 
glands and reactions to unilateral stimulations of the tongue seemed 
normal. 

The only abnormalities of secretion shown by J. M. were exagger- 
ated secretion in the absence of stimulation with inequality of the 
secretion of the two glands. The difference in the reflexes of the two 
glands may also be a pathological condition. I have found a similar 
inequality of reflexes in one normal subject who shows, however, a 
slight clumsiness of the side having the greater reflexes. The greater 
secretion and more pronounced reflexes of J. M. were given by the 
gland on the side showing motor paralysis. Slight inhibition of 
secretion on both sides followed muscular effort. 

Patient J. E. was like the preceding case in that he did not codéperate 
well, so that only a few tests could be made. His salivary reflexes 
showed two characteristics which I have not noted in normal individ- 
uals. The reaction time was usually prolonged, averaging about fifteen 
seconds, and the reflexes of the right were much more pronounced than 
those of the left. The average reflex secretions were: 


HCl 1 per cent. Right parotid, 2 drops 

Left parotid, 5 drops 

HCl 2 per cent. Right parotid, 3 drops 

Left parotid, 8 drops 
The intensity of the reflexes was also considerably below the normal. 
Owing to the patient’s failure to coéperate, his sensitivity to the acid 
could not be tested in other ways, and the possibility of a sensory 


defect is not excluded. 
The abnormalities of secretion found in these four patients may be 


summarized as follows: 
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J. H. Subnormal salivary reflexes on both sides, with greatly pro- 
longed reaction time. 

E. P. Exaggerated secretion in the absence of stimulation, with 
greater glandular activity on the side the musculature of which was 
involved in the paralysis (left), a higher threshold of excitability on 
this side than on the other, absence of differential reaction to stimula- 
tion of the two sides of the tongue for the left parotid, and, possibly, 
loss of conditioned reflexes on the left side. 

P. M. Exaggerated secretion in the absence of stimulation with 
inequality of unstimulated secretion and of reflex secretion. 

J. E. Prolonged reaction time with inequality of reflex secretion. 

The relation of the quantity of secretion to the drooling of saliva in 
these patients may be of some clinical interest. Drooling was oc- 
casionally noted in J. H., J. S. and J. E., and was almost continuous 
in E. P. Only one of these patients has a constant secretion of parotid 
saliva greatly in excess of the normal. All have other defects which 
lead to a slight difficulty in swallowing: E. P., a marked paralysis of 
the tongue and palate; J. S., a slight paralysis of the soft palate; J. H., 
spasmodic laughter which inhibits swallowing; and J. E., a serious 
dementia. None of the other patients was seen to drool, although in 
one case (P. M.) the secretion of the unstimulated glands is far in 
excess of the normal. From this it seems that the drooling of saliva 
(unless excessive) is to be regarded as indicative of affection of the 
swallowing mechanism and accessory muscles rather than of height- 
ened secretion. 

The data at hand are scarcely extensive enough to justify any gen- 
eral conclusions as to the relation of the abnormal secretion to the 
other symptoms of motor paralysis. There seems to be no constant 
relation between the abnormal secretion and facial paralysis since 
somewhat like conditions of the face, tongue and throat appear in 
patients with and without abnormal secretion. There is little evidence 
for an increase in salivary reflexes, resulting from the lesions of the 
nervous system, which might be comparable to the increase in tendon 
reflexes. The reflexes to dilute acids in no cases exceeded that which 
I have found in normal individuals. 

In one of the two cases where there was a great excess of secretion 
there was a history of paralysis involving both sides of the face, and 
in the other case one side was involved, while the heightened secretion 
was bilateral. The greater secretion in every case appeared on the 
side showing the more thorough involvement in the paralysis. 
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The mechanism by which the heightened secretion is excited presents 
an interesting problem. It is not a “paralytic secretion” such as is 
obtained by section of the nerve supply of the glands, as is shown by 
the long continuance of the secretion after the onset of the paralysis 
and by its viscosity. It must rather be explained as the result of a 
continuous excitation of the glands, and in this respect it seems to 
call for much the same explanation as the contracture appearing in 
the striped muscles. In this case, since the glands are wholly under 
the control of the autonomic system, the excess of secretion lends 
some support to the view that the contractures are the result of auto- 
nomic excitation of postural or tonic contraction. 
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The expired air is made up of two portions: the dead-space air which 
remains in the bronchi and bronchioles at the end of an inspiration, 
and the alveolar air which has actually suffered a change by being 
exposed to the respiratory membrane in the alveoli. If, under the 
same physiological condition, a normal and a deep expiration follow- 
ing a normal inspiration are measured in a spirometer and the per- 
centage of CO, in the two determined, it will be found that the larger 
expiration contains the larger percentage of CO.. This is because it 
contains the larger percentage of air which has been in contact with the 
pulmonary epithelium. Therefore, the deeper the expiration, other 
things being constant, the more nearly does the percentage of COz in 
the expired air approach that present in the alveolar air, while the 
relative content of dead-space air decreases. 

Under the same physiological conditions we may rightly assume that 
the amount of air in the dead space and the percentage of COz in the 
alveolar air do not vary when expirations of different depth are made, 
providing the time consumed in the expiration remains fixed. This 
being the case, we can determine the amount of air in the dead space 
and the percentage of CO, in the alveolar air by combining the results 
of the analysis of a deep and a normal expiration in a binomial equation. 
If we let: 


A = amount of air in a large expiration, 

A, = amount of air in a normal or lesser expiration, 

B = the percentage of CO, in the expired air of large expiration, 

B, = the percentage of CO, in the expired air of small expiration, 
x = the capacity of the dead space, and 
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y = the percentage of the COs in the alveolar air, then 
AB (A—a)y, and 
A,B, = (Ai—2)y. 
Solving this for x, y remaining constant under the same physiological 
conditions, we have: 
A4{B—8;) = Dead space air; or solving for y we have: 
AB—A,B, 
A-A; 
The details of an actual experiment are as follows: While at rest 
J breathed normally through membrane valves having a dead space 
of about 10 cc. The outlet valve led into a T-tube, one end of which 
was connected with a Krogh spirometer of 1500 cc. capacity and capable 
of being read to within 5 ecc., while the other end remained free. The 
nose was closed with a spring clothes-pin. In order to keep the atten- 
tion from the breathing a simple problem of multiplication was solved. 
The breathing thus became automatically adjusted to the changed con- 
dition which the introduction of any respiratory device produces. 
After breathing for some time in this way, the tube to the spirometer 
was opened during inspiration while the free end of the T was closed, 
and the air from a normal expiration was collected. This was accu- 
rately measured and a portion was analyzed for its CO. percentage. 
Under the same conditions of rest, an expiration somewhat deeper than 
a normal one was made, but the rate of the expulsion of the air was 
quickened so that the time of the expiration remained about normal 
although the amount expired was increased. This was measured and 
the CO, content determined as in the previous sample. 
The following figures give the results of five determinations. 


= Percentage of COs in the alveolar air.! 


NUMBER OF OBSERVATION] AIKIN EXPIRED | PERCENT | 
SAMPLE SAMPLE 
487 3.86 18.80 
2 540 4.10 22.15 
3 1,000 4.73 47.30 
4 1,050 4.75 50.00 
5 1,300 4.88 63.40 


1 This formula has been used by the author for some time in estimating the dead 
space and the CO, percentage in the alveolar air. Recently it was discovered 
that A. O. de Almeida (Brazil-Medico, June 24, 1916) has also used the above 
formula in estimating the percentage of CO, in the alveolar air. 
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By combining the above resultsin the equation for the dead space, 
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when we compare observations 1 and 5 we have: 


63.4 — 18.8 


By combining the above observations in all the possible ways we 


1300 & 487 (4.88 — 3.86) 


145 ee. 


dead space. 


find the following values for the dead space during rest: 


Nos. 1 and 3, 

Nos. 1 and 4, 

Nos. 1 and 5, 

Nos. 2 and 3, 

Nos. 2 and 4, 
» 


Nos. 2 and 5, 


Average 


the dead space 


the dead space 


the dead space 


the dead space 


the dead space 


the dead space 


Dead space in valves 


Actual physiological dead 


space 


If we combine the results of the above experiments in order to esti- 
mate the percentage of COs» in the alveolar air, we have in the case of 


observations 1 and 5: 


(1300 * 4.88) — (487 * 3.86) 


~~ 1300 — 487 


the percentage of carbon dioxide in the alveolar air. 
observations as follows, we find the following values for the CO, per- 


centage in the alveolar air: 


Nos. 
Nos. 
Nos. 
Nos. 
Nos. 
Nos. 


The COs, percentage in the alveolar air was estimated at the same 
time by the classic method of Haldane and Priestley, and was found to 


be 5.8 per cent. 


per 
cent 
land 3 = 5.54 
land4 = 5.50 
land 5 = 5.45 
2 and 3 5.45 
2 and 4 5.43 
2and5 = 5.40 
Average 5.46 


= 5 


149.0 
149.0 
145.0 
140.0 
134.0 
132.0 


132.5 


.45 per cent, 


In order to determine the effect which exercise has upon the capacity 


Combining the 
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of the dead space and the percentage of CO: in the alveolar air, I made 
the following experiment. The nose was closed and, breathing through 
the same valves which I used in the resting experiments, I walked up 
and down the corridor of the laboratory at the rate of about 33 miles 
per hour. I found that I could not walk faster than this rate without 
being conscious of respiratory effort when breathing through the valves. 
After continuing the exercise for about five minutes and when breath- 
ing was perfectly regular, I stopped and without delay collected air 
from the beginning of expiration, the amount collected being varied by 
a valve in the opening to the spirometer. Otherwise the experiment 
is exactly the same as the resting experiment. 


CUBIC CENTIMETERS OF | CUBIC CENTIMETERS OF 
NUMBER OF OBSERVATION ame Is BxPIRED Om 
1 500 3.61 | 18.0 
2 1,000 4.72 47.2 
3 475 3.60 
4 975 4.70 45.8 
5 1,125 4.75 53.5 
6 1,600 5.14 82.2 


By combining the above results we find the estimated dead space in 
these observations is as follows: 


Nos. 1 and 2, the dead space = 188 
Nos. 1 and 4, the dead space = 188 
Nos. 1 and 5, the dead space = 179 
Nos. 1 and 6, the dead space = 189 
Nos. 2 and 6, the dead space = 190 
Nos. 4 and 6, the dead space = 187 
Nos. 3 and 2, the dead space = 178 
Nos. 3 and 4, the dead space = 178 
Nos. 3 and 5, the dead space = 172 
Nos. 3 and 6, the dead space = 180 


Average = 182.9 


Dead space in valves = 9 
Actual physiological dead 
space = 171.9 


If the above results are combined to estimate the percentage of CO2 
in the alveolar air, the following results are obtained: 
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. land 2 
. land 4 
land 5 
. land 6 
.2and6 
.2and 3 
. 3and 4 


.3and 5 = 
. 3 and 6 
.4and6 = 


Average 


The carbon dioxide in the alveolar air during exercise of the same 
degree as estimated by the Haldane-Priestley method was 6.2 per cent. 

The dead space during exercise in the above experiments evidently 
increased from the resting figure of 141.5 cc. to 182.9 ec., or about 
30 per cent. Whether this is an actual fact or simply due to the experi- 
mental error in the methods involved, cannot be determined at present. 
However, there are at least two reasons for believing that there is an 
increase in the capacity of the bronchial tree. These are: (1) the fact 
that the calculations individually do not vary greatly from the mean, 
during either exercise or rest; and (2) that in the passage of air through 
any conduit, in this case the bronchial tubes, there is a tendency towards 
the formation of a film of inert or still gas next to the walls of the tube. 
This film in effect decreases the effective cross section through which 
the air is flowing. In the present instance it tends to decrease the 
dead space. Conversely, when the air velocities through the tubes 
are increased, the more rapid flow tends to scrub away the film so that 
the effective dead space increases. 

In the hope of showing the possible effect of this phenomenon, the 
dead space was figured from high-velocity data. The results were 
compared with dead-space values computed from low-velocity data, 
all results applying to the condition of rest. This comparison showed 
no appreciable difference in dead space as a result of difference in air 
velocities in the bronchial tree. This is not conclusive, however, since 
the expected increase in the dead space from the increased air velocity 
might indeed be approximately offset by compression of the bronchioles 
incident to the somewhat forced expiration producing the higher ve- 
locities. 

An inferential proof that the bronchial tree can increase or decrease 


Nos = 5 85 
Nos = 5.80 
Nos = 5.70 
Nos = §.83 
: Nos 5.80 
Nos 5 70 
Nos = 5.70 
Nos 5.67 
5.75 
Nos 5.80 
= «5.76 
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in capacity during exercise lies in the known fact that the bronchioles 
are supplied with muscles which contract if their nerves are stimulated. 

The CO, in the alveolar air during the exercise increased over that 
present during rest by 0.32 per cent. This figure agrees very well 
with the observations of Campbell, Douglas, Haldane and Hobson (1), 
which show that a rise of 0.22 per cent in the pressure of the CO: in the 
alveolar air is sufficient to increase the depth of the respirations 100 per 
cent. In the above experiments the depth was increased during exer- 
cise about 200 per cent. The significance of the difference in the per- 
centage of CO. found by the Haldane and Priestley method and the 
method described above will be pointed out in the discussion. 

The results of the above observations can be plotted in the form of 
a curve, the ordinates of which represent the percentage of CO, in the 
expired air, and the abscisse the cubic centimeters of expired air. The 
curve starts at the point where the dead-space air just equals the ex- 
pired air. Asa matter of fact, this is a theoretical point and not actual, 
for Krogh and Lindhard have determined that it is necessary to expel 
at least twice the volume of the dead space to be sure that this moiety 
is displaced. The horizontal asymptote of the curve is the percentage 
of COs in the alveolar air. 

The above results are of interest since they throw some light upon 
the unsettled question of the relation of work to the capacity of the air 
passages and the percentage of CO: in the alveolar air. In 1905 Hal- 
dane and Priestley (2) developed their method for the determination 
of the percentage of CO, in the alveolar air and the dead space. By 
the use of this method they showed the importance of the tension of 
COs in the blood and the alveolar air in the regulation of the res- 
piration. In the caleulation of the dead space they use three figures, 
viz.: the cc. of air expired in a single breath, the percentage of the 
CO. in the expired air, and the percentage of CO: in the alveolar 
air. The latter figure they obtain by taking the average percentage 
of COs in samples of expired air taken at the end of a quick ex- 
piration following a normal inspiration and a forced expiration fol- 
lowing a normal inspiration. While it is possible to obtain very consis- 
tent figures for the percentage of CO: in the expired air, and it is easy 
to collect the air of an entire expiration, it is very difficult to obtain 
by this method figures representing the percentage of CO, in the alveo- 
lar air which do not vary by less than 0.2 to 0.3 per cent in duplicate 
estimations. Since the alveolar-air COs is a basic figure in the caleu- 
lation of the dead space by the method of Haldane and Priestley, it 
is very important that it should be correct. 
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Krogh and Lindhard (3) have criticised the Haldane and Priestley 
method for the determination of the alveolar-air CO.. They point out 
that the average of the two determinations made does not represent 
the average composition of the expired alveolar air, since the actual 
time required to make the forced expirations following a normal inspira- 
tion and expiration is sufficient to allow CO, to accumulate in the sup- 
plemental air of the lung and thus raise the percentage of the CO, in 
the last portions expelled. 

When the metabolism is very low, as it is during rest in bed, this 
factor of error may be of little importance, but when metabolism is 
increased, as it is during exercise and fevers, then the percentage of 
CO, in the alveolar air as estimated by the Haldane and Priestley 
method is much too high. 

Using the Haldane and Priestley method for the determination of 
the alveolar air and the dead space, Douglas and Haldane (4) investi- 
gated the effect which exercises have upon the alveolar-air CO, and 
the capacity of the dead space. They found that when a person walked 
at the rate of 5 miles an hour, the capacity of the air passages increased 
by 400 per cent over that present while resting. This increase was ac- 
companied by an increase in the CO, percentage in the alveolar air. 
Krogh and Lindhard believe that alveolar air COs does not increase to 
nearly the extent that Douglas and Haldane’s figures indicate, and that 
the error in the Haldane and Priestley method is sufficient to account 
for the great changes which Douglas and Haldane found to occur in the 
dead space during exercise. 

Krogh and Lindhard, using an entirely different method for the de- 
termination of the alveolar air, were unable to confirm the observation 
of Douglas and Haldane. Later they developed a method in which 
they were able to obtain, automatically, samples of air from different 
and known portions of an expiration. In these experiments they also 
took samples of the alveolar air by the Haldane and Priestley method, 
and found that these contain on the average about 13 per cent more 
CO, than that shown by the average of their curve. 

If one takes the average of the COz percentage in the alveolar air as 
given by Douglas and Haldane in the table of their experiments on rest 
and exercise (4), and reduces this figure by 13 per cent, as suggested by 
Krogh and Lindhard, he obtains 5.25 per cent in place of 6.04 per cent. 
Using this figure to calculate the dead space in the various degrees of 
increasing exercise, one fails to find a change in the dead space as claimed 
by Douglas and Haldane. 
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It may be questioned whether it is correct to recalculate the figures 
of Haldane and Douglas on the assumption that the percentage of CO» 
remains constant during exercise. In the experiments which are re- 
ported in the first part of this paper, the author shows that there is a 
slight increase in the percentage of COs. in the alveolar air while one is 
walking 35 miles an hour. This method used by him has in it a por- 
tion of the error which Krogh and Lindhard point out to be present in 
the Haldane-Priestley method for the estimation of the alveolar-air 
CO... The increase in the percentage of COs in his experiments, how- 
ever, is*much less than that recorded by Haldane and Douglas for the 
same degree of work. Moreover, if we recalculate the results given 
by Douglas and Haldane, using the binomial equation described in 
this paper, we can determine the dead space and the percentage of 
COs in the alveolar air without reference to the alveolar CO. pressures 
given by the authors. In this formula the assumption is made that 
the dead space and percentage of CQO. in the alveolar air remain con 
stant for the same physiological condition. If the dead space and CO 
percentage in the alveolar air do increase during exercise, then a great 
difference in the value of the dead space and the percentage of COs in 
the alveolar air will occur when we make various combinations in the 
equation of figures representing the expired air taken during different 
amounts of work. 

If we obtain like values for the dead space and the percentage of CO, 
in the alveolar air when we combine the data obtained during different 
amounts of exercise and rest, or when we combine the results of experi- 
ments in which the amount of work is different, it is fair evidence that 


the capacity of the air passages and the percentage of the COs, in the 


alveolar air have not changed during the exercise. The results given 
by Douglas and Haldane in the table referred to above are especially 
adapted to use in the binomial formula for determining the value of 
the dead space and the percentage of CO. in the alveolar air. In these 
experiments they were careful that the respiratory center controlled 
the depth of the respiration, and the observations extended over a 
period of time. The depth of each respiration was estimated by count- 
ing the total number of respirations and measuring the air expired dur- 
ing the observation period. The CO, content of the expired air was 
also determined. Figures representing average results should be sub- 
ject to less variation than those in which only one expiration is measured, 
for unless great care be exercised, any conscious attention to the breath 
ing modifies it, and samples of air collected under this condition sre 
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not reliable. In the following table is found an abstract of the essential 
figures found in the table of results given by Douglas and Haldane. 
From these data we obtain the figures for the application of the bi- 
nomial equation. In order to facilitate expression, the observations 
are numbered in the table, and these numbers are used to designate 
the combination used. 

TABLE 1 


Abstract of the table given by Douglas and Haldane on the effect of exercise on the 
dead space 


AND 


OBSERVATION 


THE EXPIRED 
AIR IN CUBIC 


EXPIRED AIR 
CENTIMETERS 

| PERCENT oF CO, 
IN THE ALVEO- 
LAR AIR (HAL- 
DANE 
PRIESTLEY) 
SPACE OF AIR 
PASSAGES 
(HALLDANE 
AND PRIESTLEY 
METHOD) 


VOLUME OF EACH 
BREATH 


| NUMBER OF OB- 
SERVATION 
CO: CONTENT OF 
EFFECTIVE DEAD* 


! 


Rest-standing......... 


CO: PER CENT IN 


or or 
x 


miles per hour (Lab.). 

miles per hour (Grass) 

miles per hour (Lab.)......... 
miles per hour (Grass)...... 
miles per hour (Lab.).........} 2 
miles per hour (Grass) 
miles per hour (Lab.)....... 
miles per hour (Grass)...... 
miles per hour (Lab.).... 


miles per hour (Grass)....... -| 3,145 | 


og 


Average for the CO: in alveolar air as estimated by Douglas and Haldane 


6.13 per cent. 
According to Krogh and Lindhard this is about 13 per cent too high. The 
corrected value is therefore 5.30 per cent. 


on 
bo 


Applying the figures in the above table to the binomial formula 
for the calculation of the percentage of CO, in the alveolar air we have 
made all possible combinations of the observations. The following 
table gives the percentage of CO, found in the alveolar air as found 
by the combinations as indicated. The observation numbers refer to 
the Douglas-Haldane table given above. 


4 
} 
| 
i 
| | 
i 
2 | | 612 | 222 
i | Walking. .... | | | | 
2 | 26 | | 55.1) 6.04 | 331 
4 | 271 | | 56.0) 6.04 | 293 
5 | 433 | | 62.7; 6.14 | 358 
6 | 535 | 71.0} 6.10 | 320 
7 | ,010 | | 91.6) 6.23 | 488 
8 064 | | 96.2) 6.36 497 
9 | ,055 | | 92.5) 6.44 565 
} 10 524 | | 119.0) 6.20 | 549 
810 | | 135.0) 6.28 | 609 
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TABLE 2 


we el 2 3 4 5 6 7 8 9 10 | average 
3 4.95) 5.28 5.12 
4 5.10) 5.55 5.32 
5 4.95) 5.48) 5.55 5.32 
6 5.25] 5.58] (6.70*)| 5.41 
7 4.95) 5.20) 5.13 | 4.90) 5.10) 5.06 
8 5.20) 5.33] 5.40 | 5.25) 5.30) 5.29 
9 4.90) 5.05) 4.95 4.70 4.70) 4.86 
10 5.10) 5.23) 5.20 | 5.05) 5.25) 4.85) 5.32) 5.00) 5.7 5.19 
11 5.10} 5.32) 5.18 | 5.15) 5.30) 4.85) 5.40) 5.25) 5.70 5.27 
12 5.10} 5.25) 5.20 | 5.05] 5 15 4.88) 5.25) 5.08 5.90! 4.80) 5.16 
Average 5.06) 5.32) 5.23 5.01) 5.17| 4.83} 5.32) 5.11) 5.77| 4.80 
i 
General average for all 5.18 


* Not in general average. 


The dead space calculated by the binomial equation from the figures 
given by Douglas and Haldane as tabulated in the table given above, 
and in the various combinations as was done above in the calculation 
of the alveolar air, is as follows: 


The capacity of the air passages 


TABLE 3 


we og 2 3 4 | 5 | 6 7 8 9 | 10 | AVERAGE 
3 154 | 240 197 
4 168 | 234 210 
5 160 | 210 185 
6 176 | 267 | (460*) Ph ob | 221 
7 162 | 237 | 237 | 119 | 168 | 184 
8 164 | 247 | 270 | 182 | 256 243 
9 158 | 230 | 178 | 78 | 118 | | | | 152 
10 174 | 190 | 242 | 168 | 184| 83 | 320 | 105 | 397 | 207 
11 171 | 218 | 255 | 185 | 235 | 120 | 330 | 196 | 410 235 
12 168 | 238 | 228 | 168 | 209 | 140 | 258 | 153 | 320| 184 | 206 
Average | 165 | 233 | 226 | 150 | 195 | 114 | 203 | 151 | 375 | 184 | 


General average for the capac 


periments......... a 206.5 ce. 
Dead space in the valves....... ee = 58.0 ce. 
Actual capacity of the air passages........... ian ...-148.5 ce. 


* Not in general average. 
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With a few exceptions the percentages of COs» found in the alveolar 
air in the above calculations differ from one another by less than 0.2 
per cent. Since the per cent of COs found is not conditioned by the 
manner in which we combine the observations, we are forced to con- 
clude that if the percentage of COs in the alveolar air increases during 
exercise, the increase is relatively small and is overshadowed by the 
experimental error in the observations. 

If the corresponding averages in the ordinate and abscissa columns 
are examined it will be seen that, with the exception of observations 
Nos. 6 and 9, they correspond very closely. This lack of agreement 
can be readily explained by reference to the curve plotted from the 
data given by Douglas and Haldane. The percentage of COs in the ex- 
pired air in observation 6 lies above the curve and in 9 below the curve. 
In observation 1, the dead-space air has not been completely displaced, 
hence the percentage of CO, in the expired air is a little above the curve. 
With these exceptions the curve and the actual calculations agree very 
well. 

The curves serve to bring out the relative accuracy of the Douglas- 
Haldane experiments and the author’s experiments. It will be noted 
that there is a marked deviation of the Douglas-Haldane points from the 
smooth curve, whereas the author’s data are not only more uniform, but 
they are sufficiently consistent and accurate to permit the clear though 
slight distinction between the rest and exercise curves; all points practi- 
cally coincide with the average value curves. 

Another point of importance is the fact that when observations are 
combined in the binomial equation in which the percentage of CO, in the 
expired air or the number of cubic centimeters in the expired air is nearly 
equal, the experimental error in the analysis is very important and the 
variations are more pronounced. Attention must also be called to the 
close agreement of the average figures for the percentage of CO, ob- 
tained by the binomial equation and the average of Douglas and Hal- 
dane’s estimations when corrected by the per cent of error found present 
by Krogh and Lindhard in the Haldane and Priestley method. 

What has been said regarding the percentages of CO» in the alveolar 
air as determined by the binomial equation in the experiments of 
Douglas and Haldane may be applied to the calculation of the dead 
space. The average value for the dead space found by this manner of 
calculation, as shown by table 3, is about the accepted normal figure 
given for the dead space, and compares very favorably with the dead 
space found by the author in himself. The variations from the mean 
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figure are within 30 per cent of the mean in all the observations except 
in observations 6 and 9. It has been pointed out that these two ob- 
servations are probably unreliable. If these two observations are cast 
aside, then the variations from the mean are less than 20 per cent 
The differences found in the dead space bear no relationship whatso- 
ever to the kind of exercise being performed during the observation 
period, and moreover if the dead space did increase during the exercise 
the change is less than the percentage of error in the method of obtaining 
the expired air and the percentage of CO, it contains. The results 
fail absolutely to confirm the conclusion which Haldane and Douglas 
drew from the same data, namely, that the dead space increases greatly 
during exercise, and do confirm the work of Krogh and Lindhard, who 
found that the dead space does not vary appreciably during exercise. 

The method outlined for the determination of the CO, percentage 
in the expired alveolar air may also be applied to the estimation of the 
oxygen percentage in the alveolar air. In reading over the account 
of the observations on the cause of mountain sickness, ete., made on 
Pike’s Peak by Haldane, Douglas, Henderson and Schneider (5), one 
is impressed with the idea that the determinations of the oxygen pres- 
sures in the alveolar air made then by the Haldane-Priestley method 
are as much too low as the COs pressures are too high when estimated 
by the same method. Unfortunately, the data given are not sufficient 
to recalculate their results with the binomial equation. 


SUMMARY 


Methods for calculating the dead space and the percentage of COs 
in the expired alveolar air are proposed, in which the necessary data 
are obtained by determining the amount of air and the percentage of 
COs in the air of a normal and deep expiration. 

By the use of these methods, only a small variation in the dead space 
or the percentage of CO, could be determined between the conditions 
of rest and exercise consisting of walking 3} miles an hour. 

A recalculation of the data given by Douglas and Haldane, using 
the proposed method, fails to confirm their conclusion that the capacity 
of the dead space increases to ‘anything like the extent they claim. 

The Haldane-Priestley method for the estimation of the CO, per- 
centage in the alveolar air gives results that are too high. 


The author wishes to thank Mr. Victor Phillips for his kind help in 
the preparation of this paper. 
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By way of introduction to the experimental data it is necessary to 
call attention briefly to certain anatomical and physiological features 
of the ctenophore body and to make clear the point of view from which 
the experiments were undertaken. The motor organs of the cteno- 
phore consists of series or rows of so-called swimming plates, each 
plate consisting of a number of strong cilia arranged in a single plane 
and more or less fused basally, thus forming a flat paddle-like organ 
which beats as a whole. In Mnemiopsis leidyi eight rows of swimming 
plates, four longer alternating with four shorter rows, extend along 
eight meridians of the body-surface from points near the apical or 
aboral pole toward the oral end. Each row consists of numerous 
plates arranged in regular order and spacing and with the plane of 
each plate at right angles to the direction of the row. 

The question whether the ctenophores possess a definitely differenti- 
ated nervous system has never been finally answered. At the apical 
pole is a static sense organ and certain other specialized, apparently 
sensory areas, and various authors have asserted that a central nerve 
mass is also present in this region. Under normal conditions the 
swimming plates of each row beat metachronically, the beat beginning 
at the oral or apical end of the row and progressing as a wave which 
can be followed by the eye. Normally also the beats follow each other 
in a regular rhythm which can be accelerated, retarded or inhibited 
in various ways. 

The presence of a specialized nerve underlying the row of swim- 
ming plates has not been demonstrated, but Engelmann (1, 2) and 
others have supported the hypothesis of neuroid transmission, i.e., 
of an impulse resembling the nervous impulse passing from cell to cell 
along the row of plates, while Verworn (3) maintained that meta- 
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chronic action in cilia generally is the result of direct mechanical stim- 
ulation of one cilium by another. Parker’s more recent work (4) sup- 
ports the neuroid rather than the mechanical hypothesis of trans- 
mission, at least as regards the case of the ctenophore, and Baglioni 
(5) and Bauer (6) also conclude that the evidence indicates neuroid 
transmission in the etenophore. Moreover, it would be extremely dif- 
ficult to interpret in terms of mechanical transmission the experimental 
results described below. vidently then, although a morphologically 
differentiated nerve has not thus far been found, the weight of the 
evidence supports the view that the metachronic beat of the swim- 
ming plates of the ctenophore is determined by the passage over a 
more or less definite path, doubtless from cell to cell, as Chun (7) sug- 
gested, of an impulse resembling the nerve impulse. This impulse 
must originate in the central complex of the apical region and since the 
rhythm is at least usually synchronous in the two rows of plates on each 
quadrant of the body, in Mnemiopsis a longer and a shorter row, while 
in the rows of different quadrants this is not the case, there must be, 
as Chun pointed out, four centers, one to each quadrant. 

Tashiro (8-12) and Tashiro and Adams (13-15) have shown that 
metabolic activity is in some way associated with the nerve impulse, 
stimulation of the nerve increasing and narcosis decreasing its carbon 
dioxide output. Moreover, Tashiro (10, 11, 12) has also shown that 
a gradient of CO.-production exists in the unstimulated nerve and that 
the normal nerve impulse passes down this gradient, i.e., from a point 
of higher to one of lower CO.-production. If this conclusionis correct 
and if transmission along the plate-row in the ctenophore is neuroid in 
character, we might expect to find a gradient in metabolic rate or in 
rate of oxidation with its highest point at the apical or aboral end. 

Experimental investigations concerning the nature of the physio- 
logical axes of organisms have led me to the conclusion that such axes 
in their simplest form are essentially gradients which may be regarded 
from one point of view as gradients in metabolic rate or in the rate of 
certain fundamental metabolic reactions and from another as gradients 
in protoplasmic condition, irritability or whatever we choose to call it, 
associated with such differences in metabolic rate (16-28). In the 
gradient which represents the primitive, main or polar axis of the body 
the region of highest metabolic rate becomes the apical end or head 
region and in other axes the positions of organs are definitely related 
to the gradient. Moreover, according to this point of view the dom- 
inance and subordination of regions or parts along an axis result from 
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and are dependent upon this gradient, the region of highest rate dom- 
inating regions or levels of low rate within a certain variable limit of 
distance (23, chap. IV). Such an axial gradient originates in the final 
analysis from the establishment of a region of high metabolic rate or 
high irritability by the differential action of external factors upon the 
cell or cell mass from which the axiate organism develops. If the meta- 
bolic differential thus determined is sufficiently great, transmussion 
of some sort of dynamic change from the region of high rate occurs, 
and the intensity or the effectiveness of the transmitted change de- 
creases with increasing distance from the point of origin. If such 
transmission is continued long enough or repeated often enough a more 
or less permanent gradient in metabolic rate and protoplasmic con- 
dition associated with it is established, and this represents the physio- 
logical axis in its simplest form. Development and differentiation 
along this axis result primarily from different conditions at different 
levels of the gradient, and the central nervous system where it is pres- 
ent is both morphologically and as regards its conducting and integrating 
function, the final expression of the primitive quantitative metabolic 
axial relations. Of course such a gradient may be complicated by many 
factors and changes may occur during development, but it is possible, 
at least in the simpler organisms, to trace the continuity in the sequence 
of events. Moreover, a gradient once established may and often does 
persist through many cell generations and through other forms of re- 
production. The various lines of evidence which support this con- 
ception of the physiological axis cannot be considered here but are 
discussed in the publications referred to above. 

In the course of these investigations it has been found that a rela- 
tion between susceptibility to cyanides, anesthetics and various other 
toxic agents and the general metabolic rate or protoplasmic condition 
associated with it exists (17, 18, 22, Chap. III). This relation is brief- 
lv as follows: To concentrations or intensities of such agents which 
kill so rapidly that acclimation or acquirement of tolerance to them does 
not occur, the susceptibility, as measured by the survival time or in 
various other ways, varies in general with the metabolic rate and with 
other factors associated with it. To very low concentrations or inten- 
sities to which more or less acclimation occurs, the susceptibility va- 
ries in general inversely as the metabolic rate. These relations can 
of course be altered experimentally, but the evidence indicates that they 
are nevertheless of general significance. The question of their nature, 
their relation to permeability, colloid state, ete., need not be considered 
here. 
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Differential susceptibility to a great variety of agents is a character- 
istic feature of physiological axes, as I have shown for both animals and 
plants (16-28), not only of the axes of polarity and symmetry of the 
organism as a whole but of the axes of special organs and parts, at 
least so far as they have been investigated. It has even been possible 
to demonstrate in certain nerve fibers by means of differential suscep- 
tibility, a gradient in the structural death changes (28) corresponding 
to the metabolic gradient discovered by Tashiro (10, 11, 12). 

If Tashiro’s conclusions and my own are essentially correct, the 
nerve fiber, at least in its more primitive form, is not fundamentally 
different from other physiological axes, even the axes of polarity and 
symmetry of the whole organism. Both the nerve fiber and the body 
axis are metabolic, associated with protoplasmic gradients, and in both 
the highest metabolic level of the gradient dominates lower levels, be- 
cause dynamic changes transmitted from it are effective in regions of 
lower metabolic activity, i.e., the dynamic change transmitted along 
a general protoplasmic axis, and the nerve impulse transmitted along 
a highly specialized path both pass, at least mainly and under ordinary 
conditions, from higher to lower metabolic levels of the gradient. 

This conception of the physiological axis constitutes the point of 
departure for the experiments on the ctenophore. The row of swim- 
ming plates represents not only a path along which transmission of 
impulses, apparently neuroid in character, takes place, but also a 
direction along which a definite spatial and temporal morphological 
order or pattern develops. In short, it possesses the general charac- 
teristics of a physiological and morphological body axis, and of a spe- 
cialized nervous axis. In view of these facts it is of interest to deter- 
mine whether there is any similarity between this axis and a general 
body-axis on the one hand and a specialized nerve on the other. 


METHOD 


In order to determine whether a differential susceptibility to cyanide 
is present along the row of swimming plates the ctenophores were placed 
in a concentration of KCN determined by preliminary experiment 
as high enough to inhibit all movement within at most a few hours, 
but not high enough to inhibit movement at once. Concentrations 
ranging from approximately m 25 x 10-° to m 5 x 10-° were found to 
be most satisfactory. A concentration of m 1 x 10- produced no 
other effect after five hours than a slight retardation of the rhythm. 
At the other extreme a concentration of m 1 x 10-4 can be used, but in 
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concentrations much above this the complete cessation of rhythmic 
movement occurs too rapidly to permit prolonged observation of the 
various stages. In m 25 x 10-* movement of all plates ceases almost 
instantly and within a minute or two the state of aggregation of the 
protoplasm of the plate rows changes, and the plates become opaque 
white instead of almost transparent. This change probably indi- 
cates the moment of death. In a concentration of m 25 x 10-° the 
animals may be kept for some hours and still be capable of complete 
recovery after return to water. In this way the changes occurring dur- 
ing recovery after more or less complete inhibition can be determined. 

In the experiments described below only KCN was used as inhibit- 
ing agent. I am of course aware of the desirability of comparing the 
effects of other agents, such for example as the anesthetics in the stricter 
sense with those of KCN and hope to be able to extend the investi- 
zation along these lines in the future. . The results obtained with KCN, 
however, are very clear and definite and are sufficient to permit certain 
conclusions and to show that these forms are valuable material for 
certain lines of experimentation. 


EXPERIMENTAL 


The first effect of the concentrations of KCN m 25 x 10-* tom 5 x 10-* 
is a retardation of the rhythm which begins within a few moments. 
After fifteen to thirty minutes impulses are still evidently originating 
at the aboral (apical) end of the plate-row, but the amplitude of vi- 
bration is least at the aboral end and increases in the oral direction 
along the row, until in the oral half more or less of the row it is indis- 
tinguishable from the normal. After one-half to one hour movement in 
the most aboral plates of the row is almost imperceptible, but increases 
orally and may still be normal in amplitude over a longer or shorter dis- 
tance at the oralend. After one hour in KCN all movement of the plates 
in about the aboral fourth or third of the row has ceased, but the single 
plates of this region still respond to direct mechanical stimulation by 
one or a few beats of almost or quite normal amplitude. Such response 
may be limited to the plate stimulated, og the stimulus may be trans- 
mitted to the two or three plates adjoining on the oral side of the plate 
stimulated. Where this response is rhythmical, the rhythm is inde- 
pendent of and usually more rapid than that in the more oral regions 
of the row where rhythmic movement still persists. 

At about this time (one hour) or a little later another effect makes 
its appearance, particularly in the four longer plate-rows. This is 
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the appearance of an independent rhythm over a longer or shorter 
distance at the oral end of the plate row, sometimes involving the oral 
third or even more of the row. 

The manner in which this rhythm makes its appearance is of interest. 
In some cases, for example, in KCN m 25 x 10-6 movement ceases in 
the most aboral plates, while in the middle half of the row the plates 
are still beating with a rhythm much below the normal. In this ease 
this rhythm does not usually extend into the oral fourth more or less 
of the row, but this region shows an independent and more rapid 
rhythm alternating irregularly with periods of complete quiescence. 
Such periods of quiescence are interrupted from time to time by the 
passage of an impulse from the more aboral region into the oral fourth. 

It is evident that at this stage the impulses from the middle region 
do not ordinarily pass into the oral fourth and this is developing an 
independent rhythm more rapid than that of the more aboral regions. 
This rhythm, however, is still intermittent and in the periods of quies- 
cence summation of the impulses from the middle region may oceur 
at the boundary between the two and a single impulse or sometimes 
two or three may pass all the way to the oral end. After this the oral 
portion may again become quiescent or may resume its independent 
rhythm. 

In some cases four regions of different behavior are distinguishable 
along a single row: the most aboral where there is no movement; a 
second or middle region in which rhythmic movement is proceeding 
with a slow rhythm; a third region which sometimes beats with the 
rhythm of the second and sometimes independently with a more rapid 
rhythm; a fourth region at the oral end of the row in which the rhythm 
is completely independent of all more aboral regions and most rapid 
of all. In such cases the most oral region has become completely 
independent of other parts and has developed its own rhythm, while 
the region next to it is at times independent of and at times subordi- 
nated to the region next aboral to it. 

In still another case five distinct regions appeared along a plate-row; 
an aboral region in which movement had ceased; a second showing a 
slow rhythm; a third showing mostly an independent rhythm more 
rapid than the second but occasionally becoming subordinate to it and 
showing the same rhythm for a short time: a fourth region showing 
a still more rapid independent rhythm; a fifth region, the most oral 
portion of the row with a still more rapid independent rhythm. In 
this case the fifth region became independent first, then the fourth 
and then the third. 
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In general the effect of the inhibition at this stage—after one how 
is to make a longer or shorter portion at the oral end of the plate-row 
independent of the impulses originating at the aboral (apical) end on 
at the most apical level which is still active. For some reason the im- 
pulse coming from aboral regions is no longer effective in controlling 
the oral region and as time goes on other regions in succession from the 
oral end become independent. The appearance of independent, more 
rapid rhythms in the oral regions of the row shows further that these 
regions, when they have attained a certain degree of independence of 
more apical regions are capable of initiating and maintaining a rhythm 
of their own or even several different rhythms at different levels, that 
of the most oral region being the most rapid. 

In some cases the oral portion of the plate-row not only becomes in- 
dependent of impulses from aboral regions but the direction of trans- 
mission of the rhythmic impulse actually undergoes reversal from 
aboral-oral to oral-aboral. This reversal has been observed in three 
cases in different animals. In such cases the reversed impulse begins 
at the extreme oral end of the row and travels a longer or shorter dis- 
tance in the aboral direction to a point where it meets an aboral-oral 
rhythmic impulse with a different rhythm, and there it ceases to be 
effective. The boundary between these two different rhythms pro- 
ceeding in opposite directions is at times perfectly distinct, one of two 
adjoining plates beating with one, the other with the other rhythm. 
At other times there may be an intermediate region of a few plates where 
impulses sometimes travel in one direction, sometimes in the other. 
As will be pointed out below, these cases of reversal of the direction 
of conduction are of particular interest. 

If the action of the cyanide is continued beyond this stage of com- 
plete aboral inhibition and oral independence with or without reversal, 
complete quiescence of the plates gradually progresses from the aboral 
end of the row in the oral direction and the rhythms in these parts 
of the row which are still active become slower and slower, the retarda- 
tion at any time being greatest in the most aboral and least in the most 
oral region. After one and a half to three hours according to con- 


centration and age, the older animals being less susceptible, movement 


has ceased over the aboral three-fourths to seven-eighths of the row 
and only the oral one-fourth to one-eighth still shows rhythmic move- 
ment, the direction of conduction being either normal or reversed, 
and the rhythm being much slower than when this region first became 
independent. Finally, movement ceases in this region. Here as else- 
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where the single plates remain capable of response by one or a few 
beats to direct mechanical stimulation for some time after rhythmic 
movement has ceased, but such stimulation is usually not transmit- 
ted or at most affects only two or three plates. 

This condition may persist for an hour or more after cessation of 
movement but finally the plates become whitish and opaque and are 
certainly dead. This final change usually begins at the aboral end of 
the row and proceeds orally, but the difference in time between death 
of the plates at the two ends of the row is very much less than the dif- 
ference in time of cessation of movement and frequently the change 
extends over the whole row almost at once. Not infrequently single 
plates suddenly begin rapid vibration just before they turn white. 
In no case has transmission of this vibration to another plate been 
observed and it usually continues only a few seconds, but occasionally 
for a minute or two. It is evidently the result of a stimulation con- 
nected with the changes immediately preceding death. 

If the animals are returned to sea-water after one to one and a half 
hours in KCN, or if the dish is left open so that the KCN gradually 
escapes, more or less complete recovery may occur. The changes 
along the plate-row in recovery are essentially the reverse of those 
in KCN. The rhythms become more rapid, this change being much 
greater aborally than orally. Plates near the aboral end of the row, 
which had ceased to move gradually resume movement with increas- 
ing amplitude of vibration until finally the whole row is again active. 

The most interesting phase of recovery is the subordination of the 
independent oral portions of the row to the aboral impulse. Where 
no reversal of direction of conduction has occurred in the oral region 
it can be observed that the aboral rhythm gradually impresses itself 
on the oral region, at first only intermittently but with increasing 
approach to continuity, until finally the oral region is again under 
control. In cases where two or three independent regions with dif- 
ferent rhythms arise in the oral region of the row, the subordination 
or control of these regions in recovery progresses in the oral direction 
until a single rhythm again extends over the whole length of the row. 

In cases where the direction of conduction has undergone reversal 
in the oral region, this region retains its independence for a longer 
time than otherwise, sometimes until the death of the animals, which 
usually occurs after a day or two in the laboratory. The reversal 
in direction of the impulse, or conditions associated with the reversal, 
have somehow made this region more independent of the other impulse. 
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A few other incidental experimental data and observations are brief- 
ly mentioned. The effect of cutting across a row of plates is like that 
observed by Parker (4). Recovery on both sides of the cut occurs 
rapidly and on the aboral side of the cut the usual rhythm synchro- 
nous with that of the other row of the same quadrant is maintained, 
while oral to the cut an independent rhythm arises. Direct transmis- 
sion across a cut as recorded by Eimer (30) and Verworn (3), was not 
observed in Mnemiopsis. 

Several cases were found in which a plate-row had been separated 
into two parts by some injury, and the wound had healed, leaving a 
distance of one to several millimeters between the two parts. In 
all such cases observed, the part oral to the injury showed a rhythm 
independent of parts aboral to it, even though the separation of the 
parts by the injury was not more than one or two millimeters. 

If the plate-row is divided into several independent regions by cuts 
across it at different levels and the animal then placed in KCN the 
retardation of rhythm, decrease in amplitude of vibration and cessa- 
tion of movement occurs in general most rapidly in the most aboral 
portion and less rapidly in each succeeding portion in the oral direc- 
tion. In such cases, before inhibition has proceeded too far, several 
different rhythms are present, the slowest rhythm in the most aboral 
portion and successively more rapid rhythms in each successive por- 
tion in the oral direction. In this respect these cases where the plate- 
row is separated by cuts are like those described above, in which one 
or several different rhythms appear in the more oral regions of the 
row without any mechanical interruption of continuity. In the one 
case a physical, in the other a physiological isolation has occurred. 

In general the susceptibility of the plate-rows as well as of the whole 
body-surface of Mnemiopsis is greatest in the youngest animals and de- 
creases with advancing age as in other animals (22). In the very 
young animals, where the plate-rows consist of only six to ten plates 
the gradient in susceptibility along the rows is slight and independence 
of the oral portion has not been observed. Apparently in those 
stages the length of the row is so short that the impulse undergoes but 
little decrement. In the large old animals independent rhythms ap- 
pear in the four long rows more frequently than in the four short 
rows, another fact indicating the existence of a spatial decremental 
factor in the transmission of the impulse. 
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DISCUSSION 


The nature of transmission in the plate row. Considering first the 
question of the nature of transmission, the experimental data do not 
support the theory of direct mechanical transmission. All the phe- 
nomena of inhibition by cyanide are essentially similar to those ob- 
served in metabolic gradients along the main axes of simple organisms 
(23, Chaps. IV, V). The ability of the plates to respond to direct 
mechanical stimulation long after rhythmic metachronic movement 
has ceased and the fact that this response is either not transmitted at 
all or only to two or three plates make it probable that mechanical trans- 
mission does not play any very important réle. Before the plates 
cease to move the amplitude of their vibrations gradually decreases, 
while transmission still occurs and is effective to a certain limit of 
distance. But the appearance in KCN of independent rhythms in the 
oral regions of the plate-row before transmission and movement of 
plates have ceased in more aboral regions presents the greatest difficul- 
ties to the mechanical hypothesis. If transmission is mechanical it 
is impossible to understand how one plate can beat with a certain re- 
tarded rhythm while the plate next to it orally develops an indepen- 
dent more rapid rhythm, or how, in the absence of the impulse from 
the apical region, any level of the plate-row may become the point of 
initiation of a new rhythmic impulse. The only conclusion possible 
in view of all the facts is that reached by Parker (4) that, while direct 
mechanical transmission may occur to some extent or under certain 
conditions, it is not the fundamental or chief method of transmission. 
The hypothesis of neuroid transmission is the only one which will ac- 
count for the facts. 

The susceptibility gradient. Assuming then that transmission is 
neuroid in character it is necessary to interpret the various phenom- 
ena of inhibition by cyanide on this basis. The first and perhaps 
the most conspicuous feature is the gradient in susceptibility to KCN 
along the plate-row. Cessation of movement begins in all cases at 
the aboral end of the row and progresses in general in the oral direc- 
tion. Cessation of vibration of the plates, however, does not mean 
loss of the ability to vibrate, for plates that have ceased to vibrate 
in the regular progress of inhibition may still be induced to vibrate 
by direct mechanical stimulation. Evidently cessation of movement 
in KCN is the result of cessation or decrease below the threshold of 
the transmitted impulse. 
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Decrease in amplitude of vibration of the plates precedes complete 
cessation of movement, but the plates when stimulated mechanically 
after complete cessation of movement may show the full normal am- 
plitude of vibration. This decrease in amplitude of vibration may re- 
sult in part from decrease in the irritability of the plate itself in KCN, 
but the fact that vibrations of full amplitude may follow mechanical 
stimulation even after the cessation of natural movement, proves 
that another factor must also be concerned. There seems at present 
to be no escape from the conclusion that a decrease in the intensity or 
physiological effectiveness of the transmitted impulse must be at 
least in part responsible for the decrease in amplitude of vibration. 
If this conclusion is correct amplitude of vibration must be a function 
of intensity of impulse, at least up to a certain limit and the decrease 
in amplitude and final cessation of the rhythmic movement in KCN 
must mean that the intensity of the impulse gradually approaches 
the threshold and finally falls below it. 

In the decrease in amplitude of vibration the same gradient along 
the plate-row as in cessation of movement appears. In this gradient 
several factors may conceivably be concerned: there may be a gra- 
dient in rapidity of decrease in intensity of the transmitted impulse 
with a decrease in rapidity in the oral direction; or a gradient in the 
same direction in the rapidity of decrease of irritability of the plates, 
or the threshold of stimulation may be highest in the most aboral 
plates of the row and may decrease in the oral direction or possibly 
all these factors may play some part in the result. 

Another effect of KCN is the progressive retardation of the rhythm, 
the decrease in frequency of impulse. This effect also appears in the 
form of a gradient, the retardation being most rapid aborally and 
decreasing in the oral direction. This gradient, however, becomes 
visible only when the plate-row is separated by section at several levels 
into several independent portions, or when one or more oral regions 
become physiologically independent in KCN. In all such cases at 
the proper stage the rhythm is slowest in the most aboral portion and 
increases in each successive portion in the oral direction. In later 
stages of course complete inhibition occurs in the aboral region and 
retardation progresses in the oral direction. 

All these facts indicate the existence of a gradation of some sort 
in the path of conduction along the plate-row. As regards the am- 
plitude of vibration, the retardation of rhythm and the cessation ol 
movement, the action of KCN is most rapid at the aboral end of the 
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plate-row and decreases progressively to the oral end. Moreover, 
the aboral end of the plate-row, the region of highest susceptibility, 
is the region where the normal impulse originates and the transmis- 
sion of this impulse is from levels of higher to levels of lower suscepti- 
bility. On the basis of the general relation between susceptibility to 
KCN and many other agents and metabolic activity or physiological 
condition mentioned on p. 89 above and discussed in various earlier 
publications (see especially 17, 18, 22, Chap. III, 28, Chap. II, 25), 
we are forced to conclude that the susceptibility gradient along the 
plate-row of the ctenophore is an indicator of a gradient in general 
metabolic activity, or irritability, i.e., the potentiality of metabolic 
activity as expressed in the condition of the protoplasmic system. 
According to this conception the aboral or apical region is the region 
of highest metabolic rate and the rate decreases in the oral direction 
along the plate-row. The normal impulse then is transmissible down 
the gradient as in the case of the nerve fiber according to Tashiro (10, 
11, 12), in other words the region of highest metabolic rate dominates 
or sets the pace, so to speak, for other levels, and in isolated portions 
of the plate row the level of highest rate becomes the dominant or 
controlling region. 

The fact that essentially similar relations between a metabolic gra- 
dient and physiological dominance and subordination are characteristic 
features of general body-axes in both animals and plants (23) must 
at least suggest the possibility that a certain fundamental similarity 
exists between physiological axiation and order in the development of 
the organism and in the transmission of impulses along a conducting 
path, whether protoplasmic, ‘“neuroid” or of the highly specialized 
nervous type. In fact, if we conceive the general organic axis as a 
dynamic or metabolic gradient established by the general protoplas- 
mic transmission, with a decrement in intensity, of dynamic changes 
from a region of high metabolic activity, which is itself determined 
in the final analysis by the differential action of external factors upon 
the protoplasm concerned—if we accept this conception of the organic 
axis, we can trace a genetic relation between the general physiological 
axis in its simplest form and the highly specialized nerve-axis. The 
one represents in fact the most generalized, the other the most spe- 
cialized condition of the same thing. 

Physiological Isolation. Under the usual conditions the impulse is 
transmitted over the whole length of the plate-row, and conclusive 
evidence for a decrement in intensity or effectiveness in the normal 
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animal is lacking. It has seemed to me, however, that a distinct grad- 
ual decrease in amplitude of vibration of the plates toward the oral 
end of the plate-row could sometimes be seen when the animal was not 
strongly stimulated, but I cannot state this as a positive fact. What- 
ever the condition in the normal animal, it is evident that sooner o1 
later in KCN the impulse from the aboral end loses its effectiveness 
at some point near the oral end, especially of the long plate-rows, and 
the oral region thus set free from the control of the impulse transmit- 
ted from more aboral levels soon initiates a rhythmic impulse of its 
own. Later, a second and in some cases even a third region may be 
thus set free from aboral control and develop its own independent 
rhythm. Stated in slightly different terms, one or more regions at the 
oral end of the plate may be successively physiologically isolated as 
the effectiveness of the original impulse decreases in KCN. 

Conditions on both sides of the point where the aboral impulse 
ceases to be effective probably play a part in determining the position 
of this point. The action of the cyanide is most rapid in the aboral 
portion of the row and the retardation of rhythm is greatest there. 
Since the oral region is less affected by KCN it is capable, if isolated 
from the aboral impulse, of initiating a much more rapid rhythm. 
It seems probable that when the aboral rhythm has been retarded 
to a certain degree an independent more rapid rhythm may arise 
at some point in the oral region in the intervals between the 
aboral impulses. If, however, the impulse from the aboral region 
retains its original intensity or effectiveness and is merely retarded in 
rhythm we should expect the independent rhythm of the oral region 
to be interrupted or modified by the passage of the less frequent aboral 
impulses over the region. This does occur in some cases in the early 
stages of independence but later the oral region becomes entirely inde- 
pendent and the aboral impulse does not produce any effect upon it. 
The only possible conclusion is that the aboral impulse has lost. in 
intensity or been weakened in some way, so that its effective range, 
i.e., the length of path over which it is effective, is decreased. 

The fact that the effective range of the impulse is limited and under- 
goes a progressive decrease in KCN indicates very clearly that a de- 
crement in intensity or effectiveness occurs in transmission, at least 
under these conditions, and that consequently a spatial range of effee- 
tiveness exists, which decreases as the inhibitory action of KCN pro- 
ceeds. In short, the impulse behaves like a wave in a physical medium 
in that at a certain distance from its point of origin it dies out, so far 
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as the characteristic physiological effect is concerned, and this distance 
decreases progressively with the action of KCN. This decrease may 
conceivably be due either to a decrease in intensity of the impulse at 
the point of origin or to a decrease in conductivity of the path or more 
probably to both factors. As noted above, the facts indicate that a 
decrease in intensity does occur in KCN and it is probable also that a 
decrease in conductivity of the path occurs, in fact a decrease in rate of 
conduction is clearly visible. In any case it is evident that the aboral 
end of the plate row is most susceptible to the inhibiting action and 
that even while the oral portions of the plate-row still retain their irri- 
tability and conductivity the impulse transmitted from the aboral 
end becomes ineffective at a greater or less distance from the oral end. 
Using the physical analogy we may say that KCN decreases the height 
of the wave at its point of origin and the conductivity of the medium, 
and so decreases the distance it travels before becoming ineffective. 

These cases of the escape of one or of successive regions at the oral 
end of the plate-row from the control of the impulse transmitted from 
the aboral end are cases of physiological isolation similar in character 
to cases of physiological isolation observed and experimentally pro- 
duced in the axes of the simpler organisms (16; 22 p., 228; 23, Chap. 
V). Physiological isolation of parts or regions in a metabolic gradient 
may be brought about in four ways: first, by growth of the protoplasmic 
or cell mass so that the length of the mass in a given axis is greater 
than the effective range of control of the dominant region; second, 
without altering the actual size of the mass, by decreasing the meta- 
bolic activity in the dominant region and so decreasing the effective 
range of control so that those portions of the mass most distant from 
the dominant region are no longer affected by it; third, by decreasing 
the conductivity of the path along the gradient, i.e., by decreasing 
its excitability, and in this way decreasing the effective range of the 
transmitted change; fourth, by excitation of a subordinate region to 
such a degree that it becomes independent of the excitation transmit- 
ted from other regions. Physiological isolation occurs in nature and 
‘an be induced experimentally in these four ways. 

In the physiological isolation of the oral region of the ctenophore 
plate-row the second factor, decrease in the activity of the dominant 
region, and the third, decrease in conductivity of the path, are undoubt- 
edly concerned and in addition there is in consequence of the differ- 
ential susceptibility to KCN a relative increase in the metabolic ac- 
tivity of the oral, as compared with the aboral region which is essen- 
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tially similar to the fourth factor, excitation of the originally subor- 
dinate region. But whatever the réle of these three factors in any 
particular case, the fact of physiological isolation of the oral region or 
of two or three regions successively is sufficiently evident. 

In the plate-rows of small young individuals physiological isola- 
tion of the oral region in KCN has not been observed, and in the four 
shorter plate-rows of large individuals it is much less frequent than in 
the four longer rows. Apparently, as might be expected if the impulse 
undergoes a decrement in effectiveness in the course of transmission, 
the longer the plate-row the more frequent is physiological isolation 
at its oral end. 

The effect of physiological isolation. In the conducting path of the 
ctenophore plate-row, as in the axis of the simpler animals and plants, 
the effect of physiological isolation is essentially similar to that of 
physical isolation by section, viz., the reproduction of «a new individual 
order, the development of a new individual. Physiological isolation 
in the chief axis of the lower organisms is the necessary condition for 
many if not all the processes of agamic reproduction, fission, budding, 
ete., and in the minor axes, of reduplicative reproduction of parts. The 
reproductive process in the physiologically isolated part of the cteno- 
phore plate-row consists in the initiation of an independent rhythmic 
impulse which begins at one end of the isolated portion and is trans- 
mitted over its length. This physiologically isolated region then be- 
comes a new individual essentially similar to the previously existing 
individual—the whole plate-row—of which it was‘originally a part. 
The result is the same as the result of physical isolation of a part of 
the plate-row by cutting across the conducting path. Not only one 
but two or three such individuals may arise successively, beginning 
at the oral end of the row, as the original impulse becomes progressively 
weaker and its effective range decreases. In some of the simpler ani- 
mals, e.g., Planaria (16) series of new individuals arise at the poste- 
rior end of the body in essentially the same way, either as the result of 
increase in the length of the body or depression or removal of the an- 
terior end. 

These physiologically isolated regions of the plate-row, particularly 
in the earlier stages of their isolation, are sometimes temporarily sub- 
ordinated again to the original impulse, either in consequence of sum- 
mation of excitations at the boundary between the two rhythms, or 
perhaps by unusually intense impulses which have a greater effective 


range and so are able to pass this boundary. The same relations ap- 
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pear between anterior and posterior zoéids in Planaria. Summation 
of impulses or strong stimulation of the anterior body-region may 
bring the posterior zoéids under complete control of the anterior region 
for a time, but as the animal returns to the usual condition they soon 
become physiologically isolated again to a greater or less degree. 

This initiation of a new and independent rhythm in the physiolog- 
ically isolated, oral portion of the plate-row is then in the broad sense 
a case of reproduction, differing from various agamic reproductive 
processes in the simpler organisms chiefly in its somewhat specialized 
character. The occurrence of this reproductive process depends upon 
the fact that these portions of the plate-row, while they do not ordinarily 
initiate a rhythmic impulse but are subordinated to the rhythmic im- 
pulse transmitted from the aboral end, still retain the capacity to 
initiate such an impulse where the original impulse is prevented by any 
means from reaching them or when its intensity falls below a certain 
level. Similarly the agamic formation of new individuals from parts 
of the body of Planaria and other forms depends upon the fact that 
these regions, while physiologically and morphologically parts of an 
individual still retain the capacity to become new individuals when 
physiologically or physically isolated from the control of the domi- 
nant region of the original individual. 

The effect of recovery from KCN. Where recovery is permitted to 
occur, the physiologically isolated region where a new individual has 
developed may be again subordinated to the dominance of the aboral 
end of the plate-row and so may lose its independent rhythm, i.e., its in- 
dividuality, and again become what it was originally, a part of a 
larger individual. This is a process of reintegration, the reverse of 
reproduction. - This reintegration evidently results from an increase 
in the intensity and so of the effective range of transmission of the 
aboral impulse during recovery, until it dominates and obliterates the 
independent rhythm in the part which was before physiologically 
isolated. Similar reversal of the reproductive process and reinte- 
gration may be brought about by fundamentally similar methods 
after agamic reproduction has begun in the lower animals. For 
example, in Planaria and other forms new “zodids,”’ i.e., new develop- 
ing individuals in the posterior body-region, may be made to disap- 
pear by removing the anterior half or more of the original or parent 
individual and permitting a new head to regenerate from the cut end, 
which is much nearer the new zooid than was the original head. Since 
the distance between the regenerated head and the new zodéid is much 
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less than that between the original head and the new zoéid, the zodid 
is no longer physiologically isolated and disappears as an individual, 
becoming again a part. In some forms this reintegration may be 
brought about even after a considerable degree of morphological devel- 
opment of the new individual has occurred. This case differs from 
reintegration in the ctenophore plate-row merely in that in the one the 
intensity and so the effective range of the transmitted impulse is in- 
creased by recovery from KCN, while in the other the dominant region 
is actually brought nearer to the physiologically isolated region which 
then falls within the effective range of the transmitted dynamic changes. 

The rhythmic period in physiologically isolated regions. When a 
region at the oral end of the plate-row is physiologically isolated and 
develops an independent rhythmic impulse, the rhythmic period, 1.e., 
the interval between impulses is shorter than the period existing at the 
same time in the more aboral region and when two or three regions 
are successively isolated physiologically and develop independent 
rhythms, the rhythmic periods in all these regions are shorter than in 
the aboral regions, but that of the most oral region is the shortest of all, 
that of the second region longer and that of the third region still longer. 

These differences in the independent rhythmic periods at different 
levels of the plate-row undoubtedly depend at least in part upon the 
general metabolic gradient which appears in KCN as a susceptibility 
gradient. The aboral end of the row is most susceptible to KCN and 
the rhythm is most retarded there, while the oral end is least: suseep- 
tible and the rhythm is therefore least retarded in the stages of KCN- 
action under consideration. Between these two extremes are interme- 
diate degrees of susceptibility, and when the aboral impulse becomes 
so weak that one or more oral regions are physiologically isolated 
the rhythmie period in each such region must depend in part upon 
its level in the general gradient and so upon the degree to which KCN 
has already affected it. But the rhythmic period in these physiolog- 
ically isolated oral regions of the row are often very short, even shorter 
than those in normal animals and the rhythmic activity may be irreg- 
ularly intermittent. The behavior of these regions when physiolog- 
ically isolated suggests the possibility that some factor which regu- 
lates and orders the rhythmie period in normal animals is not fully 
developed in these regions which are suddenly made independent 
In fact, to state the case in unscientific terms, they behave as if they 
were not accustomed to independence. Until we know more of the 
dynamic conditions which determine rhythmic activity, interprets- 


tion of its changes under experimental conditions can not go very far 
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The direction of transmission in physiologically isolated regions. 
In the physiologically isolated regions of the plate-rows the direction 
of transmission is, in the majority of cases, aboral-oral like that of the 
original impulse, but sometimes a reversal of direction occurs sooner 
or later in the extreme oral region, and the impulses run in the oral- 
aboral direction. If the direction of transmission is connected in any 
way with the metabolic gradient, as both Tashiro’s and my experimen- 
tal data indicate, a reversal in direction of transmission must be asso- 
ciated with a reversal of the gradient, and I believe that such reversal 
of the gradient has occurred in these cases. Since the levels of higher 
metabolic rate in a metabolic gradient are more susceptible to KCN 
in sufficiently high concentration than levels of lower rate, the gen- 
eral effect of KCN on such a gradient must be first a levelling down, a 
decrease in the metabolic differences at different levels, which may 
lead to complete obliteration and even to reversal of the gradient. 
This is true not only for KCN but for many other inhibiting agents 
and such’ reversals have been experimentally induced in the polar axes 
of organisms through differential inhibition. as experimental data soon to 
be published will show. 

If a wave of increased metabolic activity is an essential feature of 
the transmission of excitation in protoplasm, it is probable that the 
effective range of such a wave is greatest in the downward direction 
along a metabolic gradient, less along a metabolic level and still less 
in the upward direction along a gradient. If this be true then the 
levelling down and reversal in KCN of a metabolic gradient along a 
conducting path must be an important factor in decreasing the effec- 
tive range of an impulse transmitted along that path. A metabolic 
wave probably can not be transmitted up a gradient beyond the point 
where the metabolic rate or the protoplasmic condition before excita- 
tion is the same as that in the wave of excitation. Moreover, in a 
metabolic gradient in which rhythmic impulses originate, as in the 
conducting path of the etenophore plate-row, it is evident that normally 
the impulses originate in the region of highest metabolic rate in the 
gradient and are transmitted down the gradient. There is every rea- 
son to believe that the same relation between gradient and rhythmic 
impulse exists in the physiologically isolated oral regions. Where 
the direction of transmission remains aboral-oral the original gradient 
still persists, and where transmission is in the opposite direction the 
gradient has been reversed by the differential action of KCN on dif- 
ferent levels of the original gradient. The limitation of reversal to the 
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oral region of the plate-row in my experiments is probably due at least 
in part to the fact that metabolic activity in the more susceptible abo- 
ral regions of the plate-row is inhibited so rapidly and to such an extent 
that these regions become incapable of initiating or transmitting im- 
pulses by the time a well marked reversal of the gradient has occurred 
in them. With less toxic agents or perhaps with lower concentrations 
of KCN it may be possible to reverse the direction of transmission 
throughout the whole length of the plate-row. 

In some species of ctenophores reversal in the direction of trans- 
mission occurs or can be experimentally induced in normal animals. 
Parker (4, p.411) states that in Pleurobrachea a rapid wave in the aboral- 
oral direction is sometimes “‘reflected’’ at the oral end of the plate-row 
and is transmitted in the oral-aboral direction, but rarely over more 
than one third the length of the plate-row. Much earlier Eimer (29, 
p. 226) observed reversal in the direction of transmission in Beroe and 
Chun (7, p. 182) records similar observations on Beroe and other species, 
while Verworn (3, p. 167; 30, p. 440) observed that such reversal can 
often be induced by stimulating mechanically the oral end of a plate- 
row. 

I believe that all such cases of reversal in the direction of transmission 
are dependent upon temporary reversal of the metabolic gradient along 
the path, or that part of it where reversal occurs. In the case of ‘‘re- 
flection’ recorded by Parker the excitation reaching the oral end of the 
row increases the metabolic rate there so rapidly and so far above the 
level of adjoining parts that an impulse is initiated there and is trans- 
mitted backward to a greater or less distance. Reversal after mechani- 
cal stimulation of the oral end of the row as observed by Verworn is 
evidently due to the increase in metabolic rate at that end in conse- 
quence of the stimulation and so the initiation of an impulse sufficiently 
intense to travel some distance in the oral-aboral direction. 

All such cases of temporary reversal in the direction of transmission 
are in reality temporary reversals of the physiological polarity of the 
conducting path and the readiness with which they occur or can be 
induced undoubtedly varies with the slope of the metabolic gradient 
and with the degree of permanency or irreversibility of the record in the 
protoplasmic condition of the dynamic gradient in different species. 

Physiological polarity in the lower organisms shows similar possi- 
bilities of reversal and alteration by very similar methods (23, pp. 96 
117, 132, 142) and, as in the ctenophore plate-rows, the readiness with 
which reversal occurs or can be induced in different species depends 
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upon the degree of permanency or irreversibility of the record in proto- 
plasmic condition and differentiation of the preexisting dynamic gradient. 


THE GENERAL SIGNIFICANCE OF METABOLIC GRADIENTS 


The conception of the physiological axis as consisting in its simplest 
form of a metabolic gradient together with the gradient in protoplasmic 
condition in the broadest sense which must be associated with a dynamic 
gradient has proved a fruitful working hypothesis in its application to 
normal processes and experimental modifications of development in 
both animals and plants (16-28). Many different lines of evidence 
indicate the existence of such axial gradients, and it is possible to control 
and modify development to a high degree through the differential action 
of external agents upon such gradients and to interpret in terms of 
gradients modifications produced in nature and experiment. If the 
conception is correct it means that the first step in the physiological 
integration which constitutes what we call the axiate individual or 
organism consists in the establishment, or the inheritance from a pre- 
existing individual of one or more such gradients. The primary gradient 
represents the primary or chief axis and the region of highest metabolic 
rate in that gradient becomes the apical or head region, and in other 
axes the morphological and physiological order or pattern shows a 
definite relation to the metabolic gradient in those axes. In any such 
gradient the region of highest metabolic rate dominates or controls 
regions of lower rate, and is the primary factor in establishing the 
gradient, because in consequence of its activity dynamic excitatory 
changes of some sort are transmitted through or over the limiting sur- 
faces of the protoplasm to other less active regions and are more effec- 
tive in determining their metabolic activity than excitatory changes 
transmitted from regions of lower rate. In short the highest level of 
the gradient is to a greater or less degree physiologically dominant 
because the excitatory changes initiated in it are greater or more in- 
tense than those initiated at other metabolic levels. 

Since in general protoplasmic transmission a decrement in intensity 
or effectiveness occurs, such a transmitted change has a limited ef- 
fective range which varies in general with metabolic activity and proto- 
plasmic condition, and this effective range determines the spatial limit 
of such physiological dominance. 

According to this conception the unity and order, the physiological 
integration of the organism is primarily dependent upon the trans- 
mission of dynamic changes rather than upon the transportation of 
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chemical substances. In other words, physiological integration in the 
axiate organism is primarily ‘“‘neuroid”’ in character rather than a 
matter of so-called chemical correlation, though I prefer ‘“‘transmissive”’ 


‘ 


and “‘transportative” to ‘“‘neuroid’”’ and “chemical” as denoting the 
character of the fundamental condition in such an integration 

As I have shown elsewhere (23) localization and differentiation arise 
in relation to different levels of the axial metabolic gradients, and in 
a system so complex as even the simplest living protoplasm, there is no 
difficulty in accounting for the origin of qualitative from quantitative 
differences. As soon as differentiation begins, transportative or chemi- 
eal correlation begins to play an essential rdle and is of course of great 
importance in further development. It is evident, however, that trans- 
portative or chemical correlation cannot be the starting point of physio- 
logical integration in the individual because a definite unity and order, 
a definite organization, in short an integration, must be present befor 
such correlation is possible. It is this primary, fundamental organi- 
zation that the conception of metabolic gradients attempts to account 
for. This conception is in no sense a substitute for the conception of 
chemical correlation which plays so important a réle in present-day 
physiology. It is merely an attempt to establish the basis upon which 
chemical correlation becomes possible. The gradient is merely the 
starting point and as soon as the production of different substances at 
different levels of the gradient begins, which must be very early, trans- 
portative correlation becomes an essential factor in determining the 
further course of events. The gradient merely determines the primary 
pattern, and chemical factors may play the chief, or at least a very 
large réle in determining the character of the different parts of the 
pattern. 

If we conceive the organism merely as a complex of specific chemical 
correlations we cannot account for the origin and development of the 
nervous system. No adequate reason can be given for the transfor- 
mation of a system in which correlation is primarily transportative or 
chemical into a system with transmissive correlation. The transmis 
sive factor must be, as we know it is, a fundamental property of living 
protoplasm, and if this is true, this factor must play a fundamental 
part in physiological integration. If the organism is primarily a trans- 
missive integration the origin, development and functional dominance 
of the nervous system become at once intelligible. Moreover, the 
central nervous system develops in the regions of highest metabolic 


rate in each of the primary axial gradients of the organism (25, p. 175). 
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This fact is highly significant as indicating that the nervous system is 
merely the final morphological and physiological expression of the re- 
lations which in their simplest terms are represented by metabolic 
gradients. 

If this conception is correct we must expect to find that the nerve 
fiber is primarily a metabolic gradient and Tashiro’s observations (10, 
11,12) indicate that this is actually the case. The existence of a gradient 
in the ‘“neuroid” conducting path of the ctenophore plate-row is also 
to be expected, and the similarity between its behavior and that of the 
chief axis of the simpler organisms follows as a matter of course. 

We must expect, moreover, to find that other organs in which rhyth- 
mic impulses are transmitted in a definite direction are likewise pri- 
marily metabolic gradients. The vertebrate heart, for example, is 
such an organ, and all the experimental data which we possess con- 
cerning its rhythmic activity indicate the presence of a metabolic 
gradient. The sinus-region which normally initiates the beat and so 
is physiologically dominant must be primarily the region of highest 
rate in this gradient. It is a familiar fact that when this region is in- 
hibited by cooling or otherwise, the beat may begin in the uninhibited 
region nearest to the sinus and reversal of the direction of the beat by 
means of inhibition of the sinus end and stimulation of the bulbus end 
has even been induced. This is essentially similar to what occurs in 
the ctenophore plate-row and also in the axes of the simpler organisms. 

In the ascidian heart reversal of the direction of beat occurs periodi- 
cally under natural conditions probably in consequence of differential 
fatigue, the region of high rate in the gradient at any given time, which 
is the dominant region, the initiator of the beat at that time, becoming 
fatigued more rapidly and to a greater degree than regions of lower 
rate. In consequence of this differential fatigue the metabolic activity 
of the dominant initiating region decreases more rapidly than that of 
other levels and this leads sooner or later to cessation of the beat in 
the original direction. The existing gradient is also levelled down or 
perhaps reversed by differential fatigue and the region which was 
formerly the low end being least fatigued recovers more rapidly and 
so contributes further to reversal of the former gradient. In this way 
the low end of the gradient of one series of beats becomes the high end 
and the initiator of the next period, and in this manner periodic reversal 
of the direction of beat continues. According to this interpretation 
the ascidian heart is simply a reversible gradient, while in the heart of 
the higher vertebrate the gradient is much more stable, and reversal 
therefore less readily induced. 
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It is, of course, not necessary to assume that transmitted impulses 
or changes along a metabolic gradient are always rhythmical, they may 
be tonic, irregular or rhythmical. In the chief physiological axes of 
the organism they may be largely tonic with irregular, or more or less 
rhythmic changes as metabolic changes in the dominant region oceu 

This conception seems at first glance to disagree with what we know 
concerning transmission in the medullated nerves of vertebrates. [t 
has been stated repeatedly that in .these nerves transmission undet 
normal conditions shows no decrement in intensity or effectiveness and 
the further assertion has been made that the ‘all or none law”’ applies 
not only to the primary excitation but also to transmission in such 
nerves. If there is actually no transmission-decrement in such nerves 
then transmission to an infinite, or better an indefinite distance, would 
occur in a nerve fiber of infinite or indefinite length. It seems highly 
improbable that any physico-chemical medium is capable of such 
transmission; moreover, as regards the medullated nerve, it is a familia 
fact that under various experimental inhibitory conditions such «as 
partial anesthesia, cooling, etc., a decrement in effectiveness and a limit 
of effective range appear. It is difficult to believe that anesthesia or 
low temperature or other inhibitory conditions alter so fundamentally 
as this the nature of transmission in the medullated nerve. ‘That they 
decrease the conductivity or the intensity of the impulse or both and 
so increase the decrement and decrease the effective range can readily 
be understood, but that they determine a decrement and a limit of 
effective range where none is present normally, it is difficult to believe 
There is much evidence for the normal existence of a decrement and a 
limit of effective range in the more primitive protoplasmic and neuroid 
conducting paths, and in view of this fact, the only logical conclusion 
seems to be that the medullated nerve is simply a so much better con- 
ductor of impulses than these primitive paths that within the lengths 
of nerve fiber available or ordinarily used for experiment, the decre- 
ment is slight or inappreciable. The evidence in the case taken as 
a whole seems to point very clearly to this conclusion as the only one 
possible, and if we accept this conclusion, the medullated nerve pre- 
sents no difficulties to the general conception of metabolic gradients 

The attempt has been made in this paper to show, on the basis of 
experiment upon a relatively primitive ‘“neuroid” conducting path 
that there are adequate reasons for believing that the body axes of 
organisms in their simplest terms, and the most highly specialized axes 
in the organism, the nerves, as well as other physiological axes inter- 


mediate between these extremes are fundamentally similar in certain 
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respects. Considered in the light of its value as a basis for experimen- 
tal investigation, analysis and synthesis, the hypothesis justifies itself, 
and while it will undoubtedly undergo modification as time goes on, I 
believe it will serve to throw light on many physiological and morpho- 
logical problems. Objection may be made to the term ‘‘metabolic’”’ 
as applied to the axial gradient. This term means no more than that 
differences in the degree of metabolic activity are associated with and 
serve as an indicator of the gradient. Since function and structure 
are indissociable, it goes without saying that a metabolic gradient can- 
not persist or even exist without associated differences in protoplasmic 
condition corresponding to different levels of the gradient and those 
who prefer to emphasize the structural or physical rather than the 
dynamic or chemical aspects of the gradient may prefer to call it some 
thing else than a metabolic gradient. But whatever we call it, the 
facts indicate that a gradient in activity or in reactive capacity, deter- 
mined in the final analysis by the differential action of factors external 
to the protoplasm concerned, represents the first step in not only the 
physiological integration of the axiate individual or organism, but in 
that of axiate organs and parts. 

It must be noted, however, that such a gradient represents only one 
possible type of integration or individuation. Even in the organism 
many other kinds of integration undoubtedly occur, such as, for example, 
molecules, molecular complexes, colloid particles, crystals, ete. The 
conception of the gradient is concerned only with that sort of integra- 
tion which expresses itself as a definite, controlled, progressive order 
of events in space and time, occurring in living protoplasm, whether 
cell or cell mass, with a definite relation to certain directions or axes 
in the protoplasm. The specific protoplasm or even the cell, with all 
the possible kinds of integration or individuality which may be present 
in it is regarded as given, and the conception of the gradient is merely 
an attempt to answer the question, what is the nature of a definite 
physiological axis in a specific protoplasm, whether cell or cell mass ? 


SUMMARY 


1. In the conducting path along the row of swimming plates of the 
ctenophore, Mnemiopsis leidyi a gradient in susceptibility to KCN 
exists. This gradient is indicated by the fact that decrease in ampli- 
tude of vibration, increase in rhythmic period and cessation of rhyth- 
mic movement occur first at the aboral end of the plate-row and show 
a regular progression toward the oral end. Since the plates remain 
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capable of responding to direct mechanical stimulation by beats of full 
amplitude after the rhythmic beat has ceased, decrease in amplitude 
and cessation of rhythmic movement must be due primarily to changes 
in the transmitted impulse rather than in the plates themselves. 

2. This susceptibility gradient is an indicator of a gradient in general 
metabelic rate and in protoplasmic conduction associated with it. 
According to the relation between susceptibility and general metabolic 
condition the aboral end of the plate-row is the region of highest meta- 
bolic rate in this gradient and from this the rate decreases in the oral 
direction. 

3. The effective range of the rhythmic impulse decreases in KCN until 
it may be less than the length of the plate-row. Under such conditions 
a longer or shorter region at the oral end, or two or three regions suc- 
cessively, became physiologically isolated and develop independent 
rhythms which have a shorter period than the more or less inhibited 
impulses from more aboral regions. This difference in rhythmic period 
is another feature of the gradient and results from the fact that the less 
susceptible oral regions are less inhibited and their rhythmic period less 
retarded than the aboral region. 

4. Oceasionally a physiologically isolated oral region shows reversal 
in the direction of transmission at a certain stage of KCN action. Such 
reversal is undoubtedly associated with reversal of the metabolic grad- 
ient through the differential susceptibility to KCN. 

5. In recovery the effective range of the aboral impulse increases, 
and regions previously physiologically isolated are brought again under 
control. Amplitude of vibration also increases and rhythmic period 
decreases during recovery. 

6. The behavior of this physiological axis under the conditions of 
experiment is fundamentally similar to that of the main body axes of 
organisms, which are also in their simplest terms metabolic gradients, 
and the experimental data serve as a basis for consideration of the 
general significance of metabolic or dynamic gradients as physiological 
axes, both in the organism as a whole and in its parts, even in axes so 
highly specialized as nerve fibers. 
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This paper deals with the discrepancies observed in a series of cases 
in a comparison of the carbon dioxide of the alveolar air and that of 
the plasma. Comparisons of a similar nature have been made by Van 
Slyke (1), Peabody, and Walker and Frothingham (2). 


METHODS 


For the plasma CO, the Van Slyke method (1) was used. In this 
method plasma is saturated with an atmosphere containing about 6 
per cent COs, the tension usually obtaining in alveolar air. The plasma 
is then introduced into the Van Slyke pipette and rendered strongly acid 
to release CO, from the carbonates. This carbon dioxide is pumped 
out by means of a Toricellian vacuum and measured volumetrically. 
Corrections are made for temperature and atmospheric pressure and 
the volumetric reading reduced to the mgm. CO: chemically bound, 
which it represents: Finally, multiplication by an empirical constant, 
35, converts it to terms of the alveolar carbon dioxide tension that 
should correspond with the determined concentration of carbonates in 
the plasma. 

The blood for the carbonate determinations was withdrawn within 
fifteen minutes of the time when the last alveolar specimen was ob- 
tained and always after the alveolar work had been completed. The 
latter precaution was taken to eliminate the possible action on the 
respiratory center of the excitement caused by the venous puncture. 
The blood was drawn directly into a centrifuge tube containing a small 
amount of neutral, recrystallized potassium oxalate, removed at once 
to the laboratory and centrifugated. In most cases the blood was 
drawn and centrifugated under a layer of albolene. The plasma was 
113 


Sz 
| 
| 
} 


114 JOHN P. PETERS, JR. 


aerated in a 250 ce. separating funnel with the author’s alveolar air! 
and the carbon dioxide content determined immediately. All de- 
terminations were made in duplicate. All studies were made just before 
meals, either between 11 and 12 a.m. or 3.30 and 4.30 p.m. 

For the determination of the alveolar carbon dioxide the Fridericia 
(3) method was employed. It seemed best to use some modification 
of the Haldane method and to make the comparison with arterial car- 
bon dioxide, both because the original work of Van Slyke was done in 
this way and also because arterial readings might be expected to bring 
out discrepancies more clearly. (The work done by Peabody and by 
Walker and Frothingham shows that, for clinical purposes, this is an 
unnecessary preeaution). Of the arterial methods the Fridericia is the 
simplest. It is impossible to use it unless the patient is intelligent 
enough to coéperate; it is also uncertain in the presence of marked 
respiratory irregularities, such as Cheyne-Stokes breathing; and it 
obviously demands a certain minimum respiratory capacity to clear 
out the dead space of the machine. In view of these possible errors 
the cases here reported have been chosen with the greatest care and 
much interesting material has been omitted. Repeated determina- 
tions were made in all cases and none have been accepted in which the 
readings varied by more than 0.2 to 0.3 per cent. 

In all the tables Column I shows the observed alveolar carbon di- 
oxide, Column II the alveolar carbon dioxide calculated from the car- 
bonate determination and Column III the ratio of the actual to the 
calculated value. 


OBSERVATIONS 


Of course the deductions made from such a study are largely de- 
pendent for their value upon the accuracy of Van Slyke’s constant. In 
Walker and Frothingham’s paper (2) 116 observations are reported on 
100 cases. When these cases are compared on the basis of the ratio 
of alveolar to plasma COs, it is found that 92 out of the 116 ratios 
fall between 0.90 and 1.10; 102 between 0.85 and 1.15. If 1 mm. Hg. 
is subtracted from each alveolar reading in an attempt to reduce venous 
to arterial figures, 105 out of 116, or 90 per cent lie between 0.85 and 
f.15. 

Table 1 gives the results in five normal cases (the author, three mem- 


1 Determinations of my own alveolar carbon dioxide repeated over a period 
of fifteen months have shown a maximum variation of 3 mm. Hg., between 44.40 
and 47.60, under normal conditions. 


| 
4 
| 
3 


CARBON 


No. | DIAGNOSIS 
1 | Normal adult 
2 | Normal adult 
"3 | Normal adult 
| 
4 Normal adult 
5 | Normal boy 
6 | Diabetes mellitus 
7 | Diabetes mellitus} 
8 | Diabetes mellitus 
9 | Diabetes mellitus) 
10 | Diabetes mellitus} 
11 | Diabetes mellitus! 
12 | Diabetes mellitus 
13 | Diabetes mellitus} 
14 | Chronic deform-| 
ing arthritis 
with obesity | 
15 | Acute nephritis 
16 | Acute nephritis 
17 | Acute nephritis, | 
| nephrolithiasis | 
18 | Acute nephritis, 


saphenous | 
thrombophlebi-| 


tis 
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rABLE 1 
Part 1 
ARBON DIOXIDE 
June 10 | 
August 31 | 47 .2'47 .6|0.99 
September 4 144.143.1|1.02 
August 21 | 45 .842.0)1.09 
August 31 | 6/45 .0)1.06 
September 4 | 
March 20 
June 2 | 144.4/45.5/0.98 
November 7 | 7/43 
| November 8 | 44. 3/43 .9)1.01 
November 8 | 142.9/40.3|1.06 
November 8 | 46. 1|42.7|1.08 
November 9 | 
November 16 | 46.3)45 03 
November 16 43 .0|42 01 
November 17 | 40. 2/42 7/0 94 
| November 17 148.5145 .2|1.07 
April 15 | 142. 4/42. 7/0.99 
May 19 | 43.3/46.9|0.92 
May 24 453/44. 1/1.03 
November 14 | |44 8/48.0,0.93 
November 25 | $1 .3/37.8)1.09 
October 37 .1)42.2/0.88 
November 2 |47.5/41.7|1.14 
November 9 | 37 .6/38.5)0.98 
September 4 | 37.01/33 .6|1.10 
September 10 | 430/44. 1/0.97 
December 13 | No hyperpnea 138. 1/37.1|1.03 
June 9 | Considerable 
| dyspnea of the asthmatic | 
| type, with rather marked 
cyanosis 
May 23 | No hyperpnea 38 .3)42.510.90 
April 17 | No hyperpnea 41.1/43.1/0.96 
May 16 
April 21 | No hyperpnea 36.3)/38.70.94 
April 17 | No hyperpnea 1/32.6)1.02 
| | 
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TABLE 1—Continued 


DATE 


REMARKS 


CARBON DIOXIDE 


Alveolar 


19 | Acute nephritis 


Chronic nephritis 
Chronic nephritis 
Chronic nephritis 


23 | Chronic nephritis 


24 | Chronic nephritis 

25 | Chronicnephritis, 
fibrinous peri- 
carditis. Urem- 
ia 

26 | Chronic nephritis, 
uremia 


27 | Chronic nephritis 


June 


October 
June 
June 


June 
June 


April 


June 


May 


28 | Diabetes mellitus 


December 


December 
December 


December 
December 
December 


_No hyperpnea 
Respiratory rate slightly|: 


Considerable hyperpnea 
with long, deep respira- 
tions. Nocyanosis 

No hyperpnea 


increased, respiration 
short and regular. No 
cyanosis 
Respiratory rate normal 
Respirations slow, fairly 
deep and slightly irregu- 
lar 


No dyspnea nor cyanosis}: 


Respiratory rate increased 
with long deep respira- 
tions and marked sub- 
jective dyspnea 

Respirations rapid and 
deep, but without sub- 
jective dyspnea. Nocy- 
anosis 

No hyperpnea nor cyano- 
sis 


29. 


21.6)2 


34.5 


37.8 


Part 2 


756 grams of bicarbonate 
administered in the first 
thirteen days 

Evident dyspnea with long, 
deep respirations 

Hyperpnea increasing 


Hyperpnea very marked, 


almost Kussmahl 
No recognizable hyperpnea 
No recognizable hyperpnea 


No recognizable hyperpnes) 


23.5 


22.9 


26.6 
19.6 


35.4 
35.4 


30.6) 


1.00 


49.8 


iH 
¢ 
| | | 
| | | 
— — | | 
| | | 
ay 10 | olo 87 
| | | | | 
| | 
AW | 20 | (38.4/41 .0/0.94 
i | | 12 
| | | 2 B7 .2|42. 4/0.88 
| | 
| | 
| 13 | 419/41 .0}1.01 
| | 
| 39.7/44. 1)0.90 
i 26 | 27.1/27.3/0.99 
| | 
j 1 | 
| 
| | |__| | 
Hi , | | | | 
i | | | | 
| 
i | | 
| 17 | 
| 18 (0.65 
| 
: 
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CARBON DIOXIDE 


TABLE 1—Continued 


NO. 


31 


33 


DIAGNOSIS DATE 

Diabetes mellitus} December 20 

December 22 

December 23 

December 24 

December 26 

December 30 

Diabetes mellitus} October 28 

October 29 

November 1 

Diabetes mellitus} October 7 

Vomiting, starva-| December 29 

tion acidosis,|; December 31 

diabetes January 3 

Chronic gout,| June 12 
acute attack 

Chronic nephritis} October 2 

October 7 

October 11 

October 12 

Chronicnephritis,) June 2 
mild uremia 

June 7 

| June 14 

| June 22 


ACIDOSIS AND CARDIAC 


| No hyperpnea_ evident.| 


DYSPNE 


DA 


| CARBON DIOXIDE 


REMARKS 


No recognizable hyperpnea 
No recognizable hyperpnea 
No recognizable hyperpnea| 
No recognizable hyperpnea| 
No recognizable hyperpnea| 
No recognizable hyperpnea 


Received large doses of| 
bicarbonate just before 
admission 


Alveolar 


33 .8)52 
33 .0)52 
36. 1/46 
37 .7\41 
36 
33 .7|42 
31.8/39 


33 .5}44 
Respiratory rate 22, res-|34.1/28 
pirations short and with 
out effort | 
No hyperpnea 35 .7/29 
No hyperpnea 29 4/30 
No hyperpnea 37 .4|33 
No hyperpnea nor cyano-|35.2)47 
sis evident 
No hyperpnea 33 .6|36 
No hyperpnea; after bicar-|39 .7/34 
nate, 20 grams 
No hyperpnea 36.5135 
No hyperpnea 41.0/38 


Respirations increased in|32.2\; 


rate, short and regular 
slight cyanosis 
Respirations rapid, regu-| 
lar, short. Has noctur- 
nal attacks of paroxys-| 
mal dyspnea 


Respiratons regular andi; 


short. Rate 20. No 
cyanosis. Has received 
some bicarbonate 


w 


30.0) 


33 


Respirations short, not|30.8/42 


quite regular, rate 24 
Still has occasional attacks| 
of nocturnal dyspnea 
Still receiving bicarbonate 


Plasma 


50 
60 
010 
3,0 


40.5 
80.3 


610 


Alveolar 


plasma | 


95 


89 


87 


~] 
te 


117 
| | | — 
| 
| } 78 
| 92 
91 
29 0) 
9066 
810.75 
30 | 4/1.20 
| | | 
1/1.23 
| 5\0.96 
6)1.11 
32 | 310.74 
6\0.90 
5)1.15 
| | 
.5|1.07 
34 
| 
| 
| | 
| 
| 
| 
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TABLE 1—Concluded 


CARBON DIOXIDE 


No. DIAGNOSIS DATE REMARKS 3 3 
| 
=| 4 

| | < | 

35 | Chronicnephritis,| September 3 | Slight hyperpnea, rather|32.4/32.2/1.01 


renal tubercu- deep respirations 

losis, uremia September 10 | Dyspnea more marked 30 .0|33.7 

November 7 | No dyspnea. After bicar-|45.5/50.9 
bonate 

November 24 | Respirations quiet. Still/37.2)31.1 
taking bicarbonate 


88 


bers of the Presbyterian Hospital staff and one boy of fourteen who 
appeared to have no pathological condition), eleven diabetics, one case 
of starvation acidosis, one gout, one arthritis deformans with obesity, 
five acute nephritics, two cases of mild chronic nephritis, eight cases of 
advanced chronic nephritis, and one of renal tuberculosis and chronic 
nephritis; in all thirty-five cases, with seventy-six determinations. 

Fifty-two ratios fall between 0.90 and 1.10; 60 or 79 per cent between 
0.85 and 1.15. In all but three persons a normal relation was at some 
time observed and in two of these only single studies were made. The 
fifteen abnormal readings were distributed among seven cases: three 
diabetics, one starvation acidosis, one gout and three chronic nephritics. 
The alveolar readings in those with normal ratios varied from 19.6 to 
47.6 mm. Hg. while the plasma values varied from 21 to 48. The re- 
lation, therefore, seems to be independent of the carbonate content of 
the plasma. In the 5 normal persons the 18 ratios obtained all fell 
between 0.94 and 1.10 giving a maximum variation of 0.10 or a mean 
variation of 0.04. 

In the majority of cases, then, there is a very close correspondence 
between the two, so close as to suggest that a ratio below 0.85 or one 
above 1.15 denoted some abnormality in the respiratory mechanism. 
It may be that even this is too wide a range, as no such variation has 
been found in any healthy person. 

Table 2 presents an entirely different series of cases. In all there 
was cardiac decompensation with more or less dyspnea, and usually 
some degree of cyanosis. The first five cases had hypertensive ne- 
phritis with cardiac decompensation. All had very definite dyspnea, in 
some very severe, while only one, No. 38, showed a definite diminution 
of blood alkalinity, and that of very mild degree. In other words, the 
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43 
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TABLE 2 
IOXIDE 
DIAGNOSIS DATE REMARKS = 2 | 3q 
e133 
2 
Chronic nephritis,| May 13 | Considerable dyspnea 
cardiac decom-| orthopnea — throughout 
pensation the period of observation 
May 22 36.242 00.86 
| June 3 32.744.3)0.74 
June 17 | 32.8 42.00.78 
Chronic nephritis,| May 25 | Marked dyspnea and con-33.538.20.88 
cardiac decom-| siderable cyanosis 
pensation June 1 | Dyspnea and cyanosis con- 32. 3/43.1)0.75 
| tinued 
| June 13 | Very little improvement |30.8/41.00.75 
Chronic nephritis, | May 7 | Dyspnea severe, chiefly ex-|28 .6)38.7,0.74 
cardiac decom-| | piratory, some cyanosis 
pensation May 11 | Dyspnea improved 31.3/33.8)0.93 
May 26 32.8/32.9|0.99 
Chronic nephritis,| December 21 | Extreme dyspnea 27 
cardiac decom- rapid, short respirations 
pensation | Massive right hydrothorax. 
} | Some cyanosis 
December 23 28 9/37 .5|0.77 
December 24 | Dyspnea greatly improved|34.6|37.1/0.93 
December 26 | Dyspnea still less 38 .0/37.8/1.00 
| January 3 | No dyspnea 37 .7|38.7/0.97 
Chronic cardiac] February 24 | Extremely dyspneic 
valvular dis- cyanotic 
ease, chronic 
nephritis | 
Chronie cardiac} December 29 | Very cyanotic. 0/0.82 
valvular = dis-| tions short and 
ease December 31 | Dyspnea and cyanosis38 
slightly diminished 
Chronic cardiac} February 24 | Respirations quite 
valvular = dis- Some cyanosis 
ease, acute] March 3 | Respirations much 38 .5/40.310.96 
bronchitis proved 
April 4 | Dyspnea considerable 29.5/41.7|0.71 
Chronic cardiae | April 14 | Respirations somewhat 47.60.86 


valvular dis-| 


ease 


rapid, apparently deep 


somewhat 


Subjective 


excess of objective evi- 


dences 


irregular. 
dyspnea 


; | 
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TABLE 2—Continued 


CARBON DIOXIDE 


NO. DIAGNOSIS | DATE REMARKS 3 gle lag 
| 
4 
</& |< 
43 | Chronic cardiac} April 22 | Respirations slightly in-|45.2/48.0/0.94 
valvular dis-| creased in rate, not very 
ease deep 
May 3 | No subjective dyspnea,|38.3/47.6|0.80 
rate slightly rapid. 
May 17 | No subjective dyspnea nor|43.1/46.9/0.92 
cyanosis. Respirations 
somewhat rapid and 
fairly deep 
June 2 | Respirations rather 
deep and regular. No| 
cyanosis 
44/| Chronic cardiac) August 12 | Respirations rapid and/30.4/38.5/0.79 
valvular dis- short 
ease August 13 | Dyspnea improved 36 .8/39 .9/0.92 
August 17 | Respirations still some-|30.4|38.2/0.80 
what rapid 
March 28 | Respirations short and/|30.7/41.7/0.73 
rapid; no cyanosis 
April 6 | Dyspnea improved 36. 9/48 .0/0.76 
April 24 | Respirations still rather|/42.3/48.3/0.88 
rapid 
December 30 | Patient able to do light|43.7|44.5/0.98 
work. No_ subjective 
dyspnea while at rest 
45 | Chronic cardiac) May 25 | Moderate increase of res-|39.9/43.9/0.91 
valvular dis- piratory rate with short 
ease breaths 
46 | Chronic cardiac| May 30 | Respirations rapid and/|34.6/46.2/0.75 
valvular = dis- quite short. Some cya- 
ease nosis 
June 20 | Respirations very rapid,|36.3/45.2)0.80 
short and slightly ir- 
regular. Some cyanosis 
47 | Chronic cardiac) June 8 | Respirations somewhat/29 . 4/43 . 110.68 
valvular = dis- rapid and short; slight 
ease cyanosis 
48 | Chronic cardiac} May 13 | Extreme cyanosis. Res-|35.4/45.2/0.79 
valvular dis- pirations rather rapid 
| ease | Right hydrothorax 
| May 16 | Respirations still rapid./31.3/46.2/0.68 
Cyanosis considerable | 
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TABLE 2—Concluded 


ARBON DIOXIDE 


NO DIAGNOSIS DATE REMARKS 3 
| 83 
3 | | 
48 | Chronic cardiac) May 20 | Respirations slightly im-36.2)42.4)0.85 
: valvular dis-| | proved. Cyanosis di- 
4 ease | minished 
49 | Chronic cardiac] June 6 | Considerable dyspnea and 31.4\36.80.86 
valvular dis-| | cyanosis 
ease June 19 Dyspnea slight 34 9/37 00.94 
50 | Chronic cardiac) August 24 | Marked dyspnea and 
3 valvular = dis-| | nosis. Double hydro- 
ease | thorax 


August 31 | Dyspnea and_ 


; somewhat diminished | 
‘ 51 | Chronic cardiac | August 17 | Extreme dyspnea and cy-|23.9/33.3/0.71 
| valvular dis- anosis. Right hydro-| 
ease thorax 
August 21 | Dyspnea improved. Thor-|30.4|38.5/0.79 
ax has been aspirated. | 
Still some cyanosis | 
August 25 | Dyspnea still 
Cyanosis slight. After! 
bicarbonate 
September 3 | Dyspnea very much di-|39.7/43 40.91 
minished 
October 8 | Breathing rapid and very|32.9/43.1|0.76 
Fy short with some cyano-| 
3 sis | 
52 | Chronic cardiac | April 5 | Marked dyspnea, with|27.0)38.2(0.71 
valvular dis- short rapid respirations| 
: ease | orthopnea and cyanosis) 


dyspnea was not due to an acidosis. The remainder of the cases were 
simple cardiac cases with dyspnea. Of these only one, No. 51, showed 
an acidosis in the plasma determinations, and this was very slight. 
All but two, however, showed an alveolar/plasma ratio below 0.85 at 
3 some time during their course.. Of these, one, No. 49, went as low as 
A 0.86 and the other, No. 45, showed no definite decompensation. In 
almost all cases with marked improvement or where the studies were 
continued into the period of compensation the ratio increased, approach- 
ing or attaining the normal. In some cases, Nos. 44 and 51, with an 
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interval of improvement a normal relation was established, only to fall 
away again with the development of a new insufficiency. 

In most cases the plasma readings during the decompensated period 
were slightly lower than those found after recovery, denoting a relative 
diminution of blood alkalinity. In returning to the normal, as a general 
rule, both alveolar and plasma figures at first rose simultaneously, with 
a continuation of the abnormal ratio. With this rise there was an im- 
provement in the dyspnea. With continued improvement the alveolar 
CO: rose to meet the plasma. Occasionally the plasma reading fell 
slightly. Probably a part of the dyspnea was due to fixed acidosis of 
slight degree. 

In No. 38 the opposite was found. This patient seemed to recover 
from his cardiac difficulty very rapidly, losing his dyspnea and cyanosis, 
but his nephritis increased and the fall in plasma carbonates was ac- 
companied by a rapid rise in the blood urea. He developed a mild 
degree of fixed acidosis after recovery from his acute cardiac 
insufficiency. 

Table 3 presents three cases with extreme pulmonary disease that 
show a similar disturbance of the alveolar plasma ratio. 


DISCUSSION 


If the three tables were put together and the results analyzed there 
is no doubt that the close relation indicated above would be entirely 
destroyed and it may seem arbitrary to divide the cases as we have. 
We are certain, however, that a further accumulation of normal material 
would soon restore our percentage of close agreements, but have con- 
sidered it unnecessary to undertake such a time-consuming task when 
the work has been so thoroughly carried out by Van Slyke and others. 
Besides, we believe that a careful analysis of the methods used and of 
collateral evidence offers a sufficient justification for such classification. 

In view of the fact that the two methods do not agree, the question 
naturally arises whether one should consider the plasma or the alveolar 
reading as the true index of blood reaction. A careful consideration 
of the chemical factors involved leaves no doubt that, as far as the fixed 
acids are concerned, the determination of the carbonates of the plasma 
must give the more correct figures. If this were not the case the use of 
the alveolar CO: as an index of blood reaction would be fallacious. The 
original application of the alveolar methods to this study depends on 
the fact that the alveolar CO, tension is the same as that in the arterial 
blood and this, in turn, varies with the concentration of carbonate in 
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4 rABLE 
CARBON DIOXIDE 
5 NO. DIAGNOSIS DATE REMARKS 3 = 
53 | Diabetesmellitus,! September 25 | Respirations rapid (24) and 33.7/44.50.76 
pulmonary tu- rather short. Consider- 
berculosis, left able subjective and ob- 
| pneumothorax jective dyspnea. Sug- 
gestion of cyanosis. The 
whole left chest is tym- 
panitic except for some 
fluid at the base 
Intrathoracic pressure 
found greatly increased 
September 28 tespirations and 
ary condition unchanged 
October 6 | Condition unchanged 29 2/36.910.79 
54 | Carcinoma of October 5 | Very marked 
lungs | with short, rapid respi- 
; | rations. Extreme anemia 
lia and suggestion of cyano- 
sis 
Autopsy disclosed massive 
| carcinomatous involve- 
| ment of the left pleura 
with complete collapse 
| of the lung. The right 
| lung was practically sol- 
id from carcinomatous 
| | infiltration 
55 | Thyroid carcino-| December 9 | Respirations always rapid)27.8)49.8)0.57 
| ma with lung| and very short extreme 
| metastases cyanosis 
December 13 | 1334/48 .3/0.69 
January 1 | 136 610.77 
82 


| February 11 | Dyspnea and_ 
seem less marked 

Patient died of cerebral) 
thrombosis. No autop-| 

sy could be obtained. 


; X-ray showed both lungs 
practically solid. 
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the blood. In a balanced solution such as the blood, under a fixed CO, 
tension, no change of reaction can occur without a corresponding change 
in the total carbonate concentration. This has been practically demon- 
strated by Van Slyke by a comparison with the H-ion concentration 
determined by the gas-chain method, and by a study of the effect of the 
addition of acids and alkalies to the blood. The latter work we also 
repeated. We found that the addition of acids or alkalies of equiva- 
lent strength gave definite changes regardless of the type of acid or 
alkali used and that these changes varied quantitatively according to 
the amount of acid’and alkali added and the amount of carbonate in 
the plasma. 

In order that the alveolar carbon dioxide tension may be used as an 
expression of blood reaction, certain factors must be normal. (1) The 
facilities for the exchange of gases between the blood and the air in the 
alveoli must be unimpaired. (2) The respiratory center must be in 
a state of normal sensibility to the reaction of the blood and under the 
usual physico-chemical control. (3) There must be an adequate means 
of aerating the alveoli. The last factor may be neglected for all practi- 
cal purposes, as it is obviously impossible to study the alveolar air with 
any degree of certainty in persons with obstruction of the external air 
passages sufficient to prevent the collection of alveolar specimens. 

If one can be certain that there is no physical interference with the 
gaseous exchange, the study of the discrepancies between the carbon 
dioxide values obtained by the two methods should give an accurate 
index of the sensibility of the respiratory center to the natural chemical 
stimulus. If the respiratory center is hypersensitive to H-ions the pul- 
monary ventilation will be increased above the normal. This will pump 
carbon dioxide out of the alveoli and the blood. The amount of fixed 
carbonate, however, will not be disturbed and the Van Slyke readings will 
be found normal. In other words the alveolar reading should be lower 
than that of the plasma if the sensibility of the respiratory center to 
acid is increased. 

If there is an inadequate means for the exchange of gases between the 
blood and the air in the lungs the same result will be obtained, but by 
a different mechanism. In this case the carbon dioxide will be dammed 
back into the blood stream, where it will increase the concentration of 
H-ions. This will produce an increase in the pulmonary ventilation 
and the alveoli will be pumped out. The blood carbon dioxide, how- 
ever, will not maintain a normal level unless there is sufficient difference 
between the alveolar and the blood tension to overcome the impedi- 
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ment to the gaseous exchange. Again one will find a lowered alveolar- 
plasma ratio. Such a condition might be produced by general venous 
stasis, an interference with the pulmonary circulation, injury or diminu- 
tion of the alveolar surface or an impairment of the alveolar ventilation. 

We believe that the few discrepancies obtained in Table 1 represent 
respiratory center changes, those in tables 2 and 3 changes in the mech- 
anism for gas exchange. We can not adduce definite direct proof for 
either, but believe that the latter, at least, can be substantiated by in- 
direct evidence. 

We have assumed 0.85 and 1.15 as the limits of normal because, when 
all the ratios in table 1 are arranged in order of magnitude, there seems 
to be a rather sharp break at these points. Abnormal cases may be 
included among the normal, but a certain latitude is advisable in 
methods that involve manipulation and personal factors. 

Table 1 has been divided into 2 parts; part 2 contains all the cases 
that showed discrepancies. Only three of the seven cases (Nos. 29, 
30 and 32) showed an abnormal ratio at all times, and in the last two 
only single observations were made. The cases in the two parts of the 
table can not be differentiated clinically. In both there are diabetics, 
nephritics and miscellaneous cases. In none were cardiac or pulmonary 
lesions observed; in no case was there dyspnea without a true diminu- 
tion of blood alkalinity. No mechanical factors interfering with respir- 
ation were discovered. In almost all cases, moreover, the ratio was 
disturbed temporarily and rapidly without evidence or reason to predi- 
cate a coincident anatomical disturbance. Jn four of the seven cases 
the discrepancy occurred after rapid changes in blood reaction. It 
seems reasonable, therefore, to consider the discrepancies in these cases 
as due to disturbances in the central mechanism rather than to an in- 
terference with the gas exchange in the lungs. The material is too 
limited to allow more accurate localization of the seat of the disturbance. 
We are continuing work along these lines. 

The contrast between these cases and those in table 2 and 3 is very 
striking. Table 2 is entirely made up of cardiac cases in various stages 
of decompensation; table 3 contains the results obtained in three cases 
with very advanced pulmonary lesions that presumably diminished 
their respiratory capacity greatly. The common factors in all are a 
definite dyspnea, while at rest, unassociated with a change in the fixed 
acid of the blood, but with a definite diminution of the alveolar CO. 
tension as determined by the Fridericia method. (That this is not a 
fault of this method alone is demonstrated by the fact that Beddard 
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and Pembrey (4) with the Haldane method and Peabody (5), Porges, 
Leimdérfer and Markovici (6) with the Plesch method also found a 
lowered alveolar CO: in dyspneic cardiac cases.) 

All but two of the cases (Nos. 45 and 49) showed an alveolar plasma 
ratio below 0.85. In one of these (No. 49) a ratio of 0.86 was found, 
the other showed little or no dyspnea. All the others showed definite 
dyspnea while at rest, as long as the discrepancy between the alveolar 
and plasma values persisted. In only two was there a definite diminu- 
tion of blood alkalinity and in these two (Nos. 38 and 51) the acido- 
sis did not determine the dyspnea. In all but three (Nos. 41, 43 and 
45) the alveolar figures taken alone would have indicated an acidosis 
that-did not exist. Always, with a return to compensation, the ratio 
returned to normal. 

It is, of course, possible that the cause of the disturbed ratio in these 
cases is the same as that producing the discrepancy in the cases of table 
1, but there is an essential difference in the two groups of cases other 
than the observed chemical distinction. In all these cardiac and pul- 
monary cases there is a physical or anatomical disturbance of the re- 
spiratory mechanism that does not occur in the miscellaneous group of 
table 1. 

Peabody (5) finds that in patients with cardiac dyspnea the ‘‘vital 
capacity” of the lungs is diminished. This we also found in the seven 
cases of this series that we tested, one of them, No. 55, of table 3. All 
three patients of table 3, moreover, presented clinical and pathological 
evidence of a diminished pulmonary capacity. These facts in them- 
selves indicate an anatomical defect in the respiratory mechanism. 
Besides, Peabody finds an increase in the “minute-volume”’ of air 
breathed, in the same cases. 

Under normal conditions an increase in the “minute-volume’’ will 
produce a dilution of the alveolar air and therefore a diminished carbon 
dioxide tension unless the carbon dioxide output is greatly increased as 
after violent exercise. (Peabody has found the carbon dioxide output 
in cardiac dyspnea normal). This relation only obtains if there is no 
absolute nor relative increase in the “dead space,” which is too uncer- 
tain to permit discussion. 

Siebeck (7), after a careful study of the respiratory mechanism in 
cardiac insufficiency, came to the conclusion that all determinations of 
the alveolar COs were useless in this condition. According to him the 
alveolar aeration in cardiac dyspnea is very imperfect, in consequence 
of which the expiratory air contains an excess of unchanged inspiratory 
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air. At first sight this would seem to offer an explanation of our ob- 
servations and at the same time destroy their value. We believe this 
conclusion unwarranted. In the first place, Siebeck was considering 
the alveolar CO, tension as a measure of blood reaction. As such, our 
own results corroborate his perfectly; we agree that it is useless. But 
we are trying to employ it as a measure of the functional impairment 
of the respiratory mechanism and we believe that it is safe to neglect 
anatomical lines and to say that the last portion of a forced expiration 
represents the only air available to the subject under investigation for 
the exchange of gases between the blood and the outside atmosphere 
and that, therefore, for the purposes of studying the physiology of the 
respiratory mechanism it may be considered in the same category as 
alveolar air whether it comes from the alveoli or not. 

Certain it is that in cardiac dyspnea a greater respiratory exchange 
is necessary to produce the usual output of COs. Conversely, this out- 
put cannot be effected without an unusually great respiratory exchange, 
and if the response of the respiratory mechanism is inadequate, there 
will be a damming back of carbon dioxide into the blood. This, in turn, 
will stimulate the respiratory center to greater efforts and the pulmon- 
ary ventilation will increase sufficiently to restore proper conditions. 

In fact we are forced to the conclusion that the dyspnea of cardiac dis- 
2ase is due to a defect in the normal facilities for the exchange of gases 
between the blood and the air in the lungs with a damming back of 
CO, into the blood stream. This CO: retention produces an increased 
acidity, which in turn stimulates the respiratory center. The result 
is that the pulmonary ventilation is augmented until there is sufficient 
difference between the carbon dioxide tension in the blood and in the 
lungs to allow the normal output in spite of obstruction. It is merely 
a matter of relation between rate of flow and pressure. Siebeck merely 
changes the position of this pressure difference from the absolute point 
of contact between the blood and the alveolar air, to the more distal 
point between the alveolar air and whatever air is obtained in the end 
of a forced expiration. 

It is not unreasonable to suppose that the enormous respiratory re- 
sponse produced in cardiacs by a totally inadequate amount of physical 
exertion may be best explained by their inability to compensate for an 
increased carbon dioxide tension with the same ease as would a normal 
person. We intend to make further studies of the whole respiratory 
mechanism with a view to determining the changes in the alveolar air 
during rebreathing experiments and to attempt similar experiments 
on other cases with a diminished alveolar COs. tension. 
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At first sight there would seem to be no difficulty in determining the 
presence of a carbon dioxide retention directly. However, all attempts 
have failed, though the idea is not new and the most ingenious methods 
have been employed. We have added to the list one more attempt 
and one more failure. 

The publication of the method, in the face of its results seems use- 
less. These repeated failures would seem to cast the shadow of doubt 
on the whole theory of carbon dioxide acidosis as the cause of cardiac 
dyspnea. The direct determination of the carbon dioxide saturation 
of the blood is, however, attended with such great technical difficulties 
that it could be expected to show only comparatively gross changes, 
while if there is a COsz acidosis or retention in cardiac dyspnea it must 
be extremely slight, in all but the most severe cases. The work of 
Poulton (8) on the H-ion concentration of the blood has demonstrated 
that if it is studied under the conditions of CO, tension that obtain in 
the body, no change of reaction can be detected by the most delicate 
known methods, except in moribund persons. This does not mean that 
there is no change in reaction. Experimental and clinical work force 
the conclusion that changes in H-ion concentration offer the natural 
stimulus for the respiratory center. It only means that the control- 
ling mechanism is so delicately balanced that the most minute disturb- 
ance induces a quantitative response that so nearly restores the natural 
reaction that the departure from normal is too minute for our most 
refined means of measurement, 

Thus, it seems to us, it must be in cardiac cases with a carbon dioxide 
acidosis. The response must be so accurately measured that the dif- 
ference in COs tension between the air in the lungs and that in the 
blood is just enough to maintain a normal blood reaction and the in- 
creased COs concentration of the blood will be so infinitely small as to 
defy detection, except when the whole mechanism fails and the patient 
is in extremis. 

The interference with the respiratory exchange induced by the pul- 
monary injury, although in itself apparently sufficient to account for 
the carbon dioxide acidosis, need not be the only factor at work. It 
is quite possible that stasis of the circulation may also play a part. In 
any case the immediate stimulant and the respiratory response must 
be the same, though the more remote effects should be different. In 
the latter case there should be a real accumulation of an excess of carbon 
dioxide in the venous blood and the tissues, while in the arterial blood 
the CO, might be even lower than normal. For this reason unless this 
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retention is detected by direct chemical methods, venous stasis as an 
active factor in the production of cardiac dyspnea must be considered 
as doubtful. The evidence thus far accumulated strongly favors pul- 
monary injury as the dominant influence. 

Finally, if the whole hypothesis of a carbon dioxide acidosis is dis- 
proved the comparison of the alveolar carbon dioxide and the plasma 
carbonates will still retain a certain value. One thing seems clearly 
established: The alveolar carbon dioxide is lowered because of some 
anatomical or functional change in the lungs. The discrepancy bet ween 
the alveolar and plasma carbon dioxide observed in cardiac and pul- 
monary cases is then an indication of the extent of this injury. 


CONCLUSIONS 


1. A comparison of alveolar carbon dioxide with the Van Slyke ear- 
bon dioxide pipette reading offers a simple method of studying the con- 
dition of the respiratory mechanism in man. 

2. A comparison of the figures obtained shows that the ratio of alveo- 
lar to plasma COz falls, in most cases, between 0.85 and 1.15. 

3. Variations greater than this may mean an abnormal reaction of 
the respiratory center or an interference with the natural exchange of 
gases between the blood and the outside air. 

4. In cardiac cases with severe decompensation the alveolar/plasma 
ratio usually lies below 0.85 and rises when compensation becomes es- 
tablished. It is suggested that this is due to an impaired gaseous ex- 
change between the blood and the outside air with the production of 
a carbon dioxide acidosis. This is probably due to a diminished re- 
spiratory capacity with incomplete alveolar ventilation, but general 
venous stasis may play a part. 

5. The discrepancy was obtained in three cases in whom there was 
reason to suppose that a very marked diminution of the respiratory 
capacity existed, demonstrating that this factor may produce the re- 
quired picture. 

6. Many severely decompensated patients also show a slight diminu- 
tion of the plasma carbonates, suggesting a mild acidosis due to sn in 
crease of fixed acid. 

7. An attempt was made to prove an increased COs saturation of the 
blood by a direct method in those cases with mechanical defects in the 
respiratory mechanism, but failed. We have shown that this failure 
need not be considered as a serious criticism of the theory advanced 

8. A study of the alveolar carbon dioxide is usually an accurate 
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method for determining the reaction of the blood, but may be mislead- 
ing in the presence of a disturbed respiratory center, impaired aeration 
of the blood or a diminished pulmonary ventilation. By comparison 
with the Van Slyke carbonate determination the changes in the reac- 
tion of the blood due to both fixed acid and carbonic acid may be 
determined 
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I. INTRODUCTION 


Ever since Sherrington’s original description (12) of the prolonged 
contraction of extensor muscles supervenings upon the removal of the 
cerebrum and thalmencephalon, the reactions of decerebrate animals 
have been quite extensively studied. Not only have the postural re- 
lations of the condition and its significance in the study of tonus (Sher- 
rington (18)) been investigated but several descriptions of the general 
conduct of these animals have been published (Sherrington (12), Graham 
Brown (9), Weed (20)). As it is with these general phenomena follow- 
ing decerebration that this communication will deal, a brief summary 
of some of the peculiar reactions will be here given. 

Decerebration properly, if Sherrington’s usage of the term be followed, 
means the removal of cerebral hemispheres and basal ganglia. A cut 
through the brain stem anterior to the superior corpora quadrigemina 
or to the anterior border of the inferior corpora quadrigemina is usually 
made. The line of the bony tentorium is followed toward the base of 
the skull, so that the resultant section slopes from above downwards 
and forwards, including, in consequence, more cephalic structures in 
the basal portion than in the tegmental regions. Some slight variation 
in the line of the transection appears in the various reports but in general 
the residual fraction of the nervous system is identical. More careful 
and complete anatomical descriptions of the experimental ablations 
would undoubtedly aid greatly in the solution of some of the conflict- 
ing observations. 

If such a decerebration be performed in an adult animal, there occurs 
as the anesthesia becomes diminished, a condition of extensor rigidity 
in neck, shoulders, hips, fore-legs and hind-legs. This contraction of 
the extensor muscles first affects the elbow joints with rapid spread to 
knee, shoulder and hip. The ankle joint in cats is usually involved in 
the extension, while the wrist is almost invariably free from the rigidity. 


151 


132 LEWIS H. WEED 


This condition of extensor contraction endures for hours, if the animal 
continues to breathe spontaneously and if the body-temperature is 
maintained. Sherrington (13 and 14) considers the condition to be 
essentially the reflex posture of standing; the muscles affected when the 
animal is upright are those which in that position act against the force 
of gravity. 

Several hypotheses regarding the essential reflex-ares involved in the 
production of decerebrate rigidity have been ventured (Sherrington (12), 
Thiele (19), Weed (20) ). It has, from this and other work, become 
fairly established that the occurrence of this rigidity is dependent upon 
the integrity of the afferent nerves from the portion of the animal af- 
fected, and that these impulses ascend the cord in the lateral column. 
The exclusion of the pyramids from an essential part in the production 
of this extensor stiffness is also on a firm basis. The cerebellum surely 
possesses tracts used in the ordinary maintenance of the rigidity and 
plays an important, if not essential, réle in its occurrence. The cere- 
bellar cortex likewise presents an interesting area related to the inhibi- 
tory pathway for this enduring contraction. 

The reactions of animals of different ages after decerebration have 
been the subject of this work. The plan has been to subject fetuses 
and newly-born animals to this experimental procedure, in the hope that 
in the developing animals, there might be obtained differing types of 
reaction which would afford valuable comparisons when considered in 
relation to the morphological development of the nervous system. 
Cats have been employed, due not only to the ease of obtaining kittens 
but also to the fact that many of the reflexes of this animal have been 
studied by Sherrington and his school. Thus, a developmental type 
of physiological reaction has been sought in this investigation. The 
findings in regard to the reactions of kittens after decerebration will be 
detailed in this paper; the morphological studies of these neuraxes will 
be reported in another place. For it is felt that by combined morpho- 
logical and physiological observations in developing animals some pro- 
gress may be made in the ultimate solution of the problems of the cen- 
tral nervous system. 


II. METHOD OF EXPERIMENTATION 


The kittens used in these observations were for the most part born 
in the laboratory, so that the exact ages, even to the hour, were known. 
Several of the litters were composed of three to five kittens, permitting 
many comparative observations. 
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These kittens were subjected to practically similar cerebral ablations. 
Ether was first administered with great care; it was early observed 
that, in cases in which the anesthesia was poorly taken, the reflexes 
never subsequently reached the same degree of activity. As soon as 
the animals were completely anesthetized, both carotid arteries were 
exposed and tied. These ligations were followed quickly by opening 
the skull on one side in the temporal region, controlling the hemorrhage 
from the diploetic vessels and cutting through the dura. With a blunt 
spatula the brain-stem was transected usually superior to or through the 
superior portion of the anterior colliculi. This transecting cut followed 
somewhat the plane of the bony tentorium, but this structure because of 
its meagre development in the younger kittens, did not serve as efficient 
a guide as in the adult preparations. In rare instances the operative 
procedure was varied somewhat but in general it was planned to create 
as nearly constant lesions as possible. Hemorrhage from the cut sur- 
face of the midbrain was controlled by pressure on the vertebrals or by 
simply sponging with dry cotton pledgets. Throughout the operation 
the kittens were kept warm, a very important factor in the success of 
the experiment. 

Immediately following the decerebration, the anesthesia was stopped, 
for by this removal of the cerebrum the animals were permanently de- 
prived of consciousness. The kittens were then placed in an incubator 
maintained at 38°, and in this way the maintenance of the decerebrated 
animal’s body-temperature was secured. This warm-box was so ar- 
ranged that fresh air was carried in to the animal; it was so constructed 
also that all the subsequent procedures could be performed within it. 
In order to provide a constant posture and to allow freedom of move- 
ment for the animals’ legs, the kittens were suspended by temporal 
muscles and by tail, the feet being a few centimeters from the base of 
the warm-box. This method of suspension was employed throughout. 

It was planned in these experiments to make use of electrical stimu- 
lation for the eliciting of the responses desired, but it was quickly ascer- 
tained that merely by touching or pinching parts of the animals the 
varied reflexes could be obtained. The advantage of this method, 
while admittedly crude, lay in the fact that the operative procedures 
were reduced to a minimum and the excitation by pinching or touch- 
ing was thoroughly effective in initiating the interesting prolonged pro- 
gressive movements with which this paper will especially deal. In 
addition to these methods of excitation, smooth surfaces or planes were 
frequently used to afford support for the feet of the suspended kittens; 
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these surfaces, when in approximation, likewise seemed especially 
efficacious in inaugurating the rhythmic beats. 


III. GENERAL REACTIONS OF DECEREBRATE KITTENS 


In this series of observations, forty kittens, varying in age from one 
hour to fifty-seven days, were subjected to practically identical ex- 
perimental ablations, with removal of that portion of the central nerv- 
ous system above the superior colliculi, or above the inferior border 
of the superior colliculi. In this way, a typical decerebration was 
performed. 

These decerebrate kittens were, in general, much more responsive 
than the ordinary adult preparations. Very quickly after the neuraxial 
transection, as the ether was passing off, the animals became more and 
more active. Certain rather typical reflex-reactions have been ob- 
tained from all of these kittens; those few animals which showed these 
reactions but slowly or incompletely were in such poor physical condition 
following the anesthesia or the decerebration that no firm reliance could 
be placed on the negative. 

One of the first reactions which could be demonstrated in all of the 
decerebrated kittens was the withdrawal of the leg on pinching the 
foot or foot-pads. Such a pulling away of the leg can be demonstrated 
in adult decerebrate cats only on very severe trauma to the foot. But 
in these kittens, as soon as they were free from the anesthesia, very 
rapid and extensive withdrawals of the legs could be secured on pinch- 
ing of the foot by the fingers. The youngest of the kittens were, in 
greater part, by far the most active in this regard; frequently a mere 
touch to the under surface of the footpad would suffice as a stimulus 
for the withdrawal of the leg. As animals of greater age were used, it 
was noted that this reaction required greater excitation, but even in 
the oldest of these kittens the threshold was still quite low as compared 
to that of the adult. 

Again, as illustrated by the reactions of these decerebrate kittens 
to trauma applied to the tail, these animals were much more responsive 
than the adult. In the more active of the decerebrate kittens (i.e., 
the younger in general) a slight pinch of the tail between the fingers 
vaused a bilateral extensor thrust of the hind-legs—a quick, purposeful 
and well-executed response to a noxious excitation. In the less active 
of the decerebrate kittens, these bilateral extensor thrusts were single, 
(one in response to each stimulation) but the more active kittens fre- 
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quently exhibited several rhythmic thrusts of both hind-legs—typical 
leaping movements. 

These decerebrate kittens all exhibited typical “scratch” reflexes. 
These rhythmic beats of the hind-legs could be elicited by any of the 
appropriate excitations, but the best response seemed to follow local- 
ized stroking of the base of the ear. In such a case the ipsilateral hind- 
leg would show rhythmic scratch beats throughout the period of stimu- 
lation and lasting, in certain experiments, for a few beats after the 
cessation of the stimulus. 

In order to ascertain if the nervous mechanism for sensory impulses 
reached a functional activity first on the dorsal or on the ventral body- 
walls, tests were made on most of the animals. All of the preparations, 
however, responded equally well to both dorsal and ventral stimula- 
tion. These reactions were obtained by pinching, or by merely strok- 
ing the dorsal or ventral body-wall with a sharp needle. In the case 
of the more active kittens, the dorsal stroking was instantly followed by 
a marked ventral bowing of the back and occasional withdrawals or 
extensions of the legs. The ventral stroking resulted in a dorsal bow- 
ing of the vertebral column in the opposite direction from that occasioned 
by stroking the animal’s back. In the less active preparations, it was 
found necessary to pinch the skin over the back or abdomen to elicit 
responses; these reactions in general were not outspoken, but they con- 
sisted usually in slight twisting movements or slight bendings of the 
back. 

The general reactions detailed above are those which were tested on 
each of the decerebrate kittens studied. Other more special responses 
were obtained in certain of the animals; these will be discussed in other 
sections of this paper whenever they seem to possess more than an in- 
dividual significance. It must be emphasized that the state of these 
kittens varied greatly after decerebration; many were very active in- 
deed while others seemed far less active in their reflex-responses. All 
however, were far more responsive to the excitations used than are adult 
decerebrate cats. As a response to many noxious stumuli, the kittens 
frequently uttered hoarse cries, similar to those noted by Woodworth 
and Sherrington (21). 

In addition to the individual variations in the reflex-responses, it 
must be understood that these decerebrate kittens presented different 
activities at different times during the observations. The period of 
experimentation was seemingly divided into three phases, in the first 
the anesthesia was passing off; in the second, the reflex-activity wa 
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at its height; and in the third phase, the animal was declining physi- 
rally. These periods of experimentation in the decerebrate kittens 
lasted varying lengths of time; the first phase was usually completed 
from thirty to fifty minutes after the neuraxial transection, but it was 
apparently shortened markedly in the more active animals. In the 
usual preparation, the second phase, or period of maximal activity, 
lasted from one hour to two hours (at times somewhat longer) and it 
yas during this period that the critical responses were found. The 
third phase often developed rapidly and at times was of only a few 
minutes’ duration, or it occasionally represented a long period of respir- 
atory difficulties, with death finally ensuing from respiratory paralysis. 
Consequently, the reactions of many of these decerebrate cats must 
be considered in relation to the phase of the experiment at which the 
reflex was attempted. Thus a “scratch” reflex might not be obtained 
ii ..e early stages of an experiment but during the second phase, at 
which the reflex-activities of the preparation were at their height, ap- 
propriate excitation resulted invariably in the typical beats. In these 
observations, therefore, care was had to record the reactions with 
regard to the time of occurrence and to regard as typical only those 
responses which were obtained during the second phase of the 
observation. 


IV. THE OCCURRENCE OF RHYTHMIC MOVEMENTS 


In the foregoing section of this paper, it has been pointed out that 
there existed a marked difference in the general activity of the individual 
decerebrate kittens. While such differences in reflex-responses were 
observed in the general reactions of the animals, an increased activity 
was manifested to a much more striking degree in the occurrence of 
definite rhythmic movements of progression in many of these 


animals. 


a. Prolonged progressive movements 


If these decerebrate kittens were subjected to noxious stimuli (i.e., 
stimuli which in the intact cat would cause pain) such as pinching of 
the tail, they practically all responded by making characteristic walk- 
ing movements of all four legs. Such progressive movements have 
been noted as occurring in the adult decerebrate cat (Woodworth and 
Sherrington (21), Sherrington (13) ), but they are of but very short dura- 
tion and require for their elicitation almost maximal stimulation. 
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In this series, however, the progressive movements were very readily 
brought out in the more active kittens; in the less active kittens, re- 
peated excitations of a rather mild degree were sufficient for their 
inauguration. Apart from this quantitative difference in the necessary 
stimulation, the more active decerebrate kittens exhibited the phe- 
nomenon of prolonged rhythmic progression as distinguished from the 
short-enduring type of walking movements. This differentiation of 
the kittens into two classes on this basis is arbitrary, but it seems more 
than warranted both on the temporal aspect of the progressive move- 
ments and also on the degree and character of the excitation required 
for the responses. The classification seems justified also for descrip- 
tive purposes and because of the reactional similarities between these 
decerebrate kittens and adult cats from which the cerebral hemispheres 
alone have been removed. 

Out of the forty kittens in this series subjected to practically ide i- 
cal decerebrations, twelve are to be included in the first class, as they 
exhibited prolonged progressive movements of all four feet. These 
rhythmic beats did not occur immediately after the decerebration; they 
were elicited only after the anesthesia had well passed away and when 
the animal was in the period of highest reflex-activity. As soon as the 
kitten showed signs of declining physical condition, the progressive 
rhythm was replaced by asphyxial beats of a different character. 

In these twelve kittens in which prolonged progression was noted, 
various types of excitation sufficed to inaugurate the rhythmic beats. 
The usual method of accomplishing this result consisted of pinching 
the tail of the animal between the fingers. Immediately the rhythmic 
beats would be inaugurated. Other noxious (or better ‘“pseudaffec- 
tive’) stimuli also sufficed—pinching ear, foot-pad or skin. There 
seemed to be no essential difference in the efficacy of these various 
noxious stimuli; provided any one of the methods started the move- 
ments, all seemed equally effective. Thus a single slight pinch to the 
tail would be followed, in these twelve kittens, by as prolonged a pro- 
gression as would be occasioned by other noxious stimuli. But in these 
exceedingly active kittens, the inauguration of the progressive beats 
could be equally well brought about by other agencies than mere noxious 
impulses. One of the most successful of these means consisted merely 
in lifting against the suspended feet of the kitten the smooth surface 
of a pan or glass plate. As soon as this support was afforded the animal, 
tvpical progressive movements of all four legs were started. And on 
such a surface, actual progression was accomplished by the decerebrate 
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kittens. Other sensory stimuli also, in these active animals, were 
found effective in initiating the rhythmic beats of all four legs; a mere 
jar or vibration transmitted to the supporting standards and communi- 
cated through threads to the animal very frequently started the walk- 
ing movements. Most surprising of all sensory excitations, are the 
responses following auditory stimuli. That a decerebrate animal pos- 
sesses intact acoustic mechanisms has been well known anatomically, 
but only recently have Forbes and Sherrington (2) reported a few cases 
of response of adult decerebrate cats to loud noises. Hence it seems 
of interest that three of these active decerebrate kittens should start 
the prolonged progressive movements of all four legs in response to 
auditory stimuli; loud, shrill whistling and clapping the hands were 
the effective noises. 

Considered as a whole, almost any sensory stimuli which reached 
the remaining portion of the central nervous system, sufficed as the 
excitatory agent in occasioning the rhythmic progressive movements 
in this first group of more active kittens. But among these twelve 
animals, there were varying degrees of activity, as demonstrated by 
the differing responses to identical minimal excitations. All of the 
twelve, however, reacted to the slightest tactile or noxious stimuli. 

The progressive movements exhibited by these twelve kittens, after 
decerebration, were wholly similar to the walking or running move- 
ments of adult eats. All four feet were involved in the beats, the suc- 
cession being alternate like that of the “trotting”’ rather than that of 
the “pacing” horse. In other words, one fore-foot and the opposite 
hind-foot were brought forward while the other feet were retracted. 
In only one rather extraordinary animal, was there a unilateral balance 
in the progressive rhythm; in this case, the legs on one side moved to- 
gether. Examined closely, the drawing of the legs backward seemed 
to be, in the suspended animal, a more vigorous and outspoken move- 
ment than the forward stepping. This apparently may be explained 
on the basis that normal progression is dependent on vigorous back- 
ward thrusts with rather easy forward returns. 

These movements of the four legs were all rhythmic beats. The rate 
of this rhythm varied considerably in the different animals and also 
somewhat in the same animal. This variation from animal to animal 
may be accounted for on the basis of individual reflex-activity, while 
the variations in the same animal apparently have their explanation 
in the changing physical condition of the animal. In the more rapid 
cases, the progressive beats occurred at intervals of. about one-half 
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second, while in the more slowly beating animals, the rhythm was about 
one beat of the leg in two seconds. These rates given were obtained 
by counting the rhythmic progressive beats of the one leg of the sus- 
pended animal, with the legs hanging freely in the air. This rate of 
rhythmic beating is similar to that observed by Graham Brown (6). 

When support was given to the legs of one of these active decerebrate 
kittens, the progressive movements remained rhythmic and purpose- 
ful, but the rate of the beating was slowed somewhat. The animals 
tended to move along the flat surface, progressing forward until the 
supporting cords were taut. The slowing of the rate of these walking 
or running movements became more noticeable if the smooth surface 
held beneath the feet was inclined so that the animals were forced to 
climb uphill. In this case also, with the slowed rhythm, the kittens’ 
paws slipped backward over the surface. If the inclination of the 
surface be not too great, the animal will move upward and forward to 
the limit of the suspending threads. Such reactions of these active 
decerebrate kittens when support was afforded, suggested that actual 
progression might be accomplished by the animals if they were given 
an opportunity to walk. This was done in the case of the three most 
active kittens. Each of these, when placed upon the floor, raised its 
body from the floor and started to walk actively and perfectly. When 
placed alongside of other animals from the same litters, the decerebrate 
animals were able to move slightly more rapidly than the normal 
kittens. This was particularly well shown by one decerebrate kitten 
of only one day in age. 

Probably the most important feature of these progressive move- 
ments in the more active decerebrate kittens deals with the length of 
time that the rhythmic beats persisted. As has already been pointed 
out, there was no real difference between the progressive movements 
of these more active kittens and the less active, except in the length 
of time the movements were continued. Thus, in these twelve more 
active decerebrate kittens, the progressive movements endured for more 
than thirty seconds; many of these rhythmic beats were continued 
until exhaustion took place. This often meant a continuation of move- 
ment for over one hour after cessation of the initial stimulus. In other 
observations, the rhythmic movements persisted only as long as a 
smooth surface supported the feet. The majority of the progressive 
movements ceased, in the animals whose legs were swinging freely in 
the air, in from one minute to two and one-half minutes after the cessa- 
tion of the exciting stimulus. In these kittens, the rate of beat became 
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gradually slower and slower as the time of continuance grew longer, 
until finally complete cessation occurred. 

It must be further explained that the time of continuance of these 
movements varied greatly in the same individual animal. For the 
most active animal, when once the progressive movements were inaugu- 

ated, might continue these rhythmic motions until exhaustion occurred. 

In such an animal, similar long-continued movements could be subse- 
quently elicited, but for the most part, they would never be continued 
for more than one or two minutes. Thus it would seem that one great 
exhausting effort to maintain these progressive movements was suffi- 
cient to do away with the possibility of future similar long-continued 
rhythmic beats. 

While these progressive movements were being made by an animal, 
various sensory excitations were tried in order to ascertain their in- 
fluence upon the rate or rhythm of the beats. Noxious stimuli (such 
as pinching tail, skin or ear), applied to these decerebrate kittens dur- 
ing the progressive movements, usually caused a temporary cessation 
of the beats during the period of excitation; the rhythmic movements 
were resumed thereafter with somewhat increased vigor. Strong pinch- 
ing of the base of the ear, in the course of these rhythmic movements, 
changed frequently the character of the beats of the hind-legs. These 
were usually brought forward, both to the same side as that trauma- 
tized, in scratch-like beats of the same rhythm as was originally present 
in the progressive motions; after a few momen‘s the hind-legs returned 
to their original position and resumed the progressive rhythm. Pinch- 
ing the foot during the typical walking movements usually caused only 
the withdrawal of the leg affected, but at times the whole rhythm was 
disturbed and was resumed only when the noxious stimulation had 
ceased. 

It was found rather difficult, and at times impossible, to stop these 
prolonged progressive beats if once they were well started. Many of 
the animals could be quieted by holding the legs and making movement 
impossible. In these cases, the animals became quiet after making 
several unsuccessful attempts to move the legs. This procedure, and 
another one of holding the body tightly in the palm of the hand, while 
successful at times, rarely succeeded in stopping the more outspoken 
progressive beats. In many, every method tried failed until the animal 
was exhausted. The administration of an anesthetic was not at- 
tempted in these cases; it seems most likely that this would have stopped 
the progression. 
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The ages of these twelve decerebrate kittens which showed _ pro- 
longed progressive movements, ranged from one hour to sixteen days. 
Of the twelve, four were twenty-four hours or less in age at the time of 
the decerebration. Eight of the twelve were five days or less in age, 
leaving only four, or one-third of the total number, over five days in 
age. These four older kittens were respectively nine, twelve, four- 
teen and sixteen days old. These twelve more active kittens varied 
in length from 150 to 220 mm. Thus, in general, the younger kittens, 
particularly those of five days or under, possessed the greatest tendency 
toward reflex-activity, particularly in the maintenance of long-con- 
tinued progressive movements. 

In two of these actively walking kittens, the cerebellum was entirely 
removed at the time of maximal rhythmic progression. In the first 
animal, a complete cerebellar ablation was performed with only the 
slightest injury to the underlying medulla. Respiration was not in- 
terrupted by the operative manipulations and the animal seemed in 
excellent condition. The second case was equally successful. Both 
of these kittens, which previously had been walking actively, changed 
their whole progressive tendency after the cerebellar removal. No 
longer could rhythmic beats of any prolonged duration be occasioned 
by the greatest excitation. One only of these cats made a few rhyth- 
mic beats of the hind-legs when the tail was repeatedly and maximally 
pinched. It was very apparent that this cerebellar ablation had de- 
stroyed the tendency toward prolonged progression and also toward pro- 
gression of all four feet. But it must be granted that such acute ob- 
servations following the removal of the cerebellum are hardly decisive 


b. Short enduring progressive movements 


Separated from the twelve more active decerebrate kittens are the 
others of the series—twenty-eight in number. These are the animals 
in which, after identical decerebrations, the general reactions and es- 
pecially the progressive movements have been less outspoken. As lias 
already been pointed out, the division of the kittens into two groups 
on the basis of the time of continuance of the progressive movements 
is wholly arbitrary. These kittens of this second group practically 
all made progressive movements of all four legs, but in none were the 
rhythmic beats continued for more than thirty seconds. 

The characteristic methods of eliciting these rather short, progres- 
sive movements of all four legs differed in no essential from those em 
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ployed in the more active kittens, except in the degree of excitation 
required. A few of these kittens resembled in their reflex-activities 
the less active of the first group of kittens, but such a correspondence 
was to be expected in an arbitrary classification of the reacting animals. 
By far the great majority of this second group were much less active 
in their rhythmic responses, than were those of the first division. This 
was particularly well shown in the degree of noxious excitation required 
to inaugurate and maintain a short progressive rhythm. For repeated 
strong pinching of the tail or base of the ear was usually necessary for 
the elicitation of even a few progressive beats; these likewise stopped 
immediately or very soon after the cessation of the stimulus. The 
rhythm of the beats was frequently the same as that of the rate of re- 
petition of the stimulus; a single beat, hence, was the response to a 
single excitation. The slight tactile stimulations, used in the twelve 
active kittens, were wholly insufficient in this second group, to inaugu- 
rate any progressive movements. In this regard, these less active 
kittens resembled more the adult decerebrate preparations in which al- 
most maximal noxious impulses are required for the four-footed rhythm. 
Single excitations by pinching or otherwise in these animals rarely re- 
sulted in any progressive movements; a single beat of each of the four 
legs in regular alternate succession might be recorded, but for con- 
tinued progression, continued and repeated stimuli were usually 
necessary. 

In physiological characteristics, the progressive movements of these 
animals, though short-enduring and usually requiring repeated exci- 
tation, were quite similar to the movements made by the twelve more 
active kittens. The order of movement of the four legs was wholly 
the same; the rate of the rhythm was usually quite slow. But if the 
excitation were repeated regularly, alternate beating motions resulted 
in regular sequence. It seemed wholly just to consider these move- 
ments in the less active animals as being typically progressive move- 
ments, differing only in degree from those made by the more active 
animals. In no case was there any difficulty in stopping those pro- 
gressive beats in these less active animals, for usually the cessation of 
excitation was the signal for the cessation of movement. In but very 
few cases were the movements continued for more than about fifteen 
seconds after the excitation. 

These short-enduring progressive movements were made by thirty- 
one decerebrate kittens out of the forty kittens subjected to practically 


identical extirpations. Of this total number, twelve showed also pro- 
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longed progressive movements and hence have been classified in the 
first group. The nineteen remaining which gave typical short-enduring 
rhythmic beats of all four legs varied in age from six hours to fifty- 
seven days; in length, the variation was from 150 to 265 mm. Of the 
nineteen, only four were less than ten days in age; six were between 
the tenth and twentieth days in age. The remaining nine animals were 
more than twenty days old at the time of the experimentation. 

It seems only fair in such statistical studies of the reactions of animals 
to take some account of the individual condition of the animals whose 
reactions fail to coincide with those of the remaining majority. Thus 
it seems correct to ascertain, if possible, the reasons why nine of the 
forty kittens used in this work failed to make progressive movements. 
From an analysis of the protocols of these kittens, it is found that two 
of the animals were in very poor physical condition at the beginning 
of the experiment. One of these (No. 47) had a bronchial infection 
and lived but a few minutes after decerebration; the reactions of this 
animal were very sluggish and incomplete. The other kitten (No. 52), 
though in poor shape, gave, on repeated caudal pinching, rhythmic 
bilateral thrusts of the hind-legs but no progressive beats of all four 
legs. Another of the decerebrate kittens (No. 21) which failed to make 
progressive movements, had been previously subjected to the removal 
of the cerebral hemispheres; after the second operation of decerebration, 
no progressive beats (which had been typical) were obtained. Two 
other kittens of the series showed rhythmic progression only in front 
or hind-legs:—No. 25 showing these rhythmic beats only in the front- 
legs, while No. 36 gave similar movements of the hind-legs. One othe 
decerebrate kitten (No. 31) gave, on appropriate excitation, typical 
progressive movements of the front-legs, but the hind-legs were carried 
forward, both to one side, in typical rhythmic scratch movements. 
Another kitten (No. 27) showed no true progression but did give typical 
asphyxial running movements of all four legs. Until these occurred, 
the animal was singularly inactive to every stimulus. The other two 
kittens in this group which showed no true four-footed progression 
(No. 6 and No. 18) gave no indications of rhythmic tendencies but were 
apparently otherwise active reflexly. 

Thus, on analysis, of the nine abnormal kittens, only two showed 
ho rhy thmic tendency nor partial progressive movements, except those 
excluded by poor physical condition at the time of experimentation 
It would seem, therefore, that on appropriate excitation rhythnuec pro- 


gressive movements may be elicited in practically all decerebrate prep 


144 LEWIS H. WEED 


arations, but the younger kittens show a greater tendency toward active 
and prolonged progression than do the older preparations. 


Other rhythmic reactions 


Of the other reactions of these decerebrate kittens, the scratch reflex 
should be mentioned as of rhythmic character; this rather typical re- 
sponse has already been recorded in a foregoing section. The rather 
extraordinary double-scratch reaction noted above as occurring in an 
animal which did not show rhythmic progression was found also in 
other animals. The usual exciting cause for such a rhythmic activity 
Was a vigorous single pinch at the base of the ear, or repeated vigorous 
pinches. In these cases, both hind-legs were brought forward on one 
side toward the traumatized ear, and then showed alternate beating 
movements. In the more active animals, these bilateral rhythmic 
scratch movements were maintained, at times, for a considerable period 
in response to a single. vigorous stimulation, but in the less active 
animals, each successive stimulation was followed by a single alternat- 
ing beat. Such bilateral scratch movements often replace, in the more 
active animals, the true four footed progressive movements, as the 


typical response after pinching the base of the ear. The animals, how- 
YI 


ever, which never made movements of true progression, but reacted with 
this rhythmic scratch (both legs pulled toward one side), have not been 
classed with those showing rhythmic progressive movements. 

Instead of the decerebrate kittens invariably exhibiting a true alter- 
nate progression of all four feet, a peculiar galloping movement of all 
the legs may occur.. This phenomenon has been noted in four of the 
animals recorded in this paper. This galloping of the kitten resulted 
from pinching of the tail and was usually merely a temporary phase 
in the reactions of the animal. Thus. such galloping might occur be- 
fore or after the period of true progression, but it rarely was found dur- 
ing this period. Quite a number of the other kittens showed at times 
galloping movements of the hind-legs with alternate progressive beats 
of the front-legs. The true galloping movements are apparently similar 
to those noted by Graham Brown (3 and 7) in narcosis-progression, 

In the last stages of these decerebrate kittens, when respiratory diffi- 
culties had become marked, many rhythmic responses or spontaneous 
rhythmic movements were noted. Most of these were somewhat con- 
vulsive in type and were truly asphyxial (as far as could be determined) 
in nature. They consisted of walking, running and galloping move- 
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ments of all four feet, of a very rapid rhythm and with usually a con- 
vulsive termination. At other times, definite convulsions occurred, 
followed by scratch-beats with a single hind-leg or both hind-legs, 
carried forward to one side or both. Twisting movements of the whole 
body have been observed in rarer instances. These movements oc- 
curred either in the terminal asphyxial conditions of the decerebrate 
animal, or in cases of intracranial hemorrhage of marked degree (in 
this latter case, removal of the intracranial pressure and hemostasis 
‘caused cessation of movement). 


Vv. EXTENSOR RIGIDITIES IN DECEREBRATE KITTENS 


In an adult cat subjected to decerebration, a condition of extensor 
stiffness or rigidity occurs as soon as the anesthesia has passed away. 
This marked rigidity may first be felt in the elbow joint of the cat and 
then rather quickly spreads to the knee. Subsequently the shoulder, 
hip and ankle become affected. This contraction endures as long as 
the animal remains in good physical condition; the degree of stiffness, 
however, may be modified in many ways. This rigidity may be tested 
by estimating the amount of pressure of the fingers required to over- 
come the contraction of the extensors of the joint; in this way a rough 
but fairly accurate estimation of the rigidity may be had. Throughout 
these experiments, the degree of the extensor contraction has been 
determined in this way,—overcoming the resistance to motion of the 
joint by pressure with the fingers. 

The reactions of these decerebrate kittens differed from adult prep- 
arations in respect to the development of an invariable extensor rigidity. 


Out of the forty kittens in this series which were subjected to practically 


identical cerebral ablations, only twenty-four showed any extensor 
rigidity ; in this group of twenty-four animals, there were several animals 
in which the occurrence of rigidity was considered doubtful. Thus, 
sixteen of the kittens out of forty, or 40 per cent showed no evidence 
as determined by pressure of the fingers, of an extensor stiffness. In 
adult animals ‘the occurrence of such a rigidity would be invariable, 
provided the technical procedures were satisfactory. 

Analyzing the kittens in which an extensor rigidity was noticed, it 
was found that only four of this group of twenty-four animals were 
under ten days in age. Of the four, the rigidity was considered as 
doubtful in three and positive in the fourth kitten—one of nine days 
in age. Thus four-fifths of the kittens in this series showing extenso: 
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rigidities were over ten days in age. And only eight of the remaining 
kittens were between ten and twenty days in age. Hence, in this small 
series of forty kittens, 50 per cent of the animals showing decerebrate 
rigidity were over twenty days in age. And investigated still more, 
it was shown that not one of the decerebrate kittens over twenty days 
in age failed to exhibit a typical extensor rigidity. Thus there was indi- 
cated a distinct relationship between the age of the kittens and the 
invariable occurrence of a decerebrate rigidity. 

But in addition to this suggestive relationship between the age of 
the kittens and the rigidities, there are other features of the onset of 
_these muscular reactions which require comment. Thus, of the twenty- 
four kittens out of the forty which showed extensor stiffnesses, only 
one-half (or twelve) had appreciable rigidity in the hind-legs (especially 
knee) in addition to a definite stiffness in the elbow. Of the twelve, two 
are recorded as doubtfully positive. The other twelve decerebrate 
kittens showed the extensor rigidity only in the fore-legs as determined 
by examination of the resistance to movement of the joint. Hence it 
seems necessary to assume that in the developing kitten a mechanism 
for the production and maintenance of a rigidity in the fore-legs is ac- 
quired before a similar one for the hind-legs. This acquirement of the 
rigidity in the fore-legs first falls in line with the well-known sequence 
of the development and also of the degree of the stiffness in the adult 
preparation. Sherrington (13) thus comments upon this (p. 300): 
“In the dog and cat, just as spinal shock is more severe in the fore- 
limbs than in the hind, so decerebrate rigidity is more marked in the 
fore than in the hind limbs.” 

When the existence of an extensor rigidity in all four legs of a decere- 
brate kitten was considered in relation to the age of the animal, a very 
striking correspondence was made out in the records of this series. 
None of these experimental animals, in which a rigidity was present 
in the hind-legs as well as in the fore-legs, was under nineteen days in 
age, and in this youngest case the rigidity of the hind-legs was con- 
sidered somewhat doubtful. The majority of the animals which showed 
this typically adult type of distribution of the rigidity were over thirty 
days in age. 

With this suggestive age-factor in the occurrence of rigidities in these 
decerebrate kittens, it became of interest to ascertain the relationship 
of the rigidity to occurrence of prolonged progressive movements in 
these animals. The twelve decerebrate kittens which showed these 
long-enduring rhythmic beats varied in age from one hour to sixteen 
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days. Of these animals, five showed an extensor stiffness, but in three 
of these cases the rigidity, as determined by finger pressure, was con- 
sidered as being extremely doubtful. All five of these animals ex- 
hibited the rigidity only in the fore-legs with no indications at all in 
the hind-legs. In addition to this feature of the occurrence of the 
rigidity, there was recorded a definite relationship of the rigidity to 
the anesthesia. 

This relationship of the occurrence of the extensor rigidity in decere- 
brate animals to the anesthesia is a well known phenomenon in the 
adult preparations (Sherrington (12) ). In the routine observation no 
rigidity can be made out until the anesthesia is partially eliminated. 
This usually takes from five to ten minutes. And from such a begin- 
ning, the rigidity becomes augmented more and more until at the end 
of an hour or so, it may be considered to have attained its maximum. 
In the twelve more active kittens, showing prolonged movements of 
progression, only five had any rigidity at all, and these five showed it 
merely in the fore-legs. But in addition to this, the rigidities in these 
animals showed another peculiarity in relation to the anesthesia. After 
decerebration, these kittens were suspended in a warm-box. Within 
five to ten minutes, as soon as a certain amount of the ether had passed 
off, a slight extensor stiffness could be made out in the elbows of these 
five active kittens. In three of these animals the rigidity remained 
questionable throughout, but in two it was quite definite. It did not 
spread from the elbow to any other joint, but for the few minutes 
of its existence, it remained in the elbow. Meanwhile the general re- 
flexes of the animals were becoming more and more active; simply 
pressing the foot gently between the fingers caused an active withdrawal 
of the whole leg away from the noxious stimulation. Finally any touch 
of the foot-pads sufficed to cause a withdrawal of the legs and, as the 
reflexes became very active, the rigidity apparently disappeared. 
Certainly as soon as these decerebrate kittens began to show prolonged 
progressive movements, the decerebrate rigidity, even in the two 
wholly positive animals, was wholly abolished. The extensor stiffness, 
then, disappeared as the tendency toward rhythmic beating became 
more marked, and in no case did it reappear during the period of active 
progression. In afew preparations, an extensor rigidity was exhibited 
after the period of greatest reflex-activity; these were always the olde 
kittens in which a rigidity of all four legs was found. 

The problems connected with the abolition of the rigidity in the fore- 
legs of a few of the more active kittens (those showing prolonged pro- 
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gressive movements) are quite interesting. In the first place, the 
rigidity, extensor in type, occurred in the period of comparative de- 
pression of reflexes, following the anesthesia. As soon as the reflexes 
had reached an active stage, the methods of determining by finger 
pressure the degree of stiffness caused an active, purposeful withdrawal 
of the legs. This naturally made it impossible to verify the actual 
existence of an extensor rigidity in a joint at the time of testing. In 
the still more active animals, such slight excitation as the mere at- 
tempted determination of a rigidity was followed by prolonged pro- 
gressive movements. The actual determination of a rigidity in these 
‘vases naturally was impossible. 

~ Posturally, a few of these more active decerebrate kittens at times 
seemed to possess an extensor rigidity during the periods of quiet. It 
must be granted that such a posture suggesting an extensor rigidity 
in an active kitten was quite rare as compared to the customary posi- 
tions assumed by the animals. Most frequently, these decerebrate 
preparations exhibited, when subjected to routine suspension, slight 
flexor-positions at the elbow of one or other of the fore-legs and a 
possible alternate correspondence of flexion in the hind-legs. At other 
times a posture indicative of almost complete flaccidity is present; 
this condition, or one with some apparent tonus, was probably the 
most characteristic. It was, in consequence, impossible to consider 
an extensor rigidity indicated by the postural reactions of these decere- 
brate kittens; rather did the postures argue strongly against such a view. 

It might be conceived that the extensor rigidity persisted through- 
out the rhythmic progressive beats, that these were stiff-legged move- 
ments, and that the necessary alternate flexions and extensions occurred 
only at the shoulders and hips. This view derived no support from 
the observation of the progressive movements. These were graceful, 
well-executed rhythmic movements, plastic and in no way stiff or rigid. 
Definite alternating movements of all the necessary joints cowd be 
made out in the more slowly executed movements. 

From these observations and considerations, it seems necessary to 
conclude that, during the occurrence of progressive movements in these 
decerebrate kittens, the extensor rigidity which may have been charac- 
teristic before, was replaced by the tendency toward rhythmic beat- 
ing. But it must be noted that in only five out of the group of twelve 
kittens showing prolonged progressive movements, was there any 
extensor stiffness demonstrable at any time; in only two of these five 
cases was the rigidity definite and unquestionable. In the less active 
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decerebrate kittens the extensor rigidity, which might be abolished 
temporarily by the short-enduring progressive movements, usually re- 
turned again. In the more active preparations, the rigidity, when 
present, occurred in the early part of the experimentation during the 
period of reflex-depression due to the anesthesia. This suggested 
strongly a similar extensor stiffness which is noted frequently in animals, 
just recovering from anesthesia. In many ways this post-anesthetic 
stiffness resembles a true decerebrate rigidity. 

In all essential characters, the decerebrate rigidity shown by these 
decerebrate kittens, when present, is similar to that of the adult prep- 
arations. In the younger, more active kittens, it is very difficult to 
demonstrate the similarity to the adult rigidities but in the older kittens 
the points of likeness are easily made out. Whenever referred to in 
the text of this paper, the adult characteristics of the rigidity must be 
considered; any difference noted in the kittens has been recorded. 


VI. DISCUSSION OF RESULTS 


In the foregoing sections, the reactions of kittens after removal of 
the cerebral hemispheres and basal ganglia have been described. It 
has been shown that, in this series of forty kittens subjected to practi- 
cally identical experimental procedures, considerable variation in reflex 
response occurred in the different animals. Certain typical reactions 
(as the scratch reflex, withdrawal of legs on noxious stimulation of 
feet, and a jumping thrust of both hind-legs on pinching tail) were com- 
mon to all the kittens. It is proposed to discuss here the dissimilari- 
ties in the reactions of the kittens and to attempt correlations between 
the diverging responses. 

The greatest differences in reactions in these forty decerebrate kittens 
were found in the type of progressive movements and in the develop- 
ment or absence of a true extensor rigidity. The study of the occur- 
rence of these two reactions in their relation to each other suggests 
somewhat strongly a reciprocal consideration. Such reciprocal rela- 
tionship is based on the evidence given below; it is not absolute but 
rather suggestive. 

These decerebrate kittens were divided arbitrarily into two groups, 
dependent upon the length of time that the rhythmic progressive move- 
ments were continued after the cessation of the excitation. On this 
basis, twelve kittens were found to compose the first group of animals 
(those in which the progressive movements continued for more than 
thirty seconds). These twelve kittens ranged in length from 150 to 
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220 mm.; in age, they varied from one hour to sixteen days. Eight, or 
two-thirds, were five days or under in age; the other four kittens were 
hardly as active. Compared with this group, the ages of the kittens 
which showed only short-enduring movements of progression were strik- 
ing. There were nineteen typical animals in this group; the other 
kittens in the whole series of forty, for the most part, exhibited rhythmic 
movements of some sort but not typically those of four-footed progres- 
sion. Of the nineteen animals grouped in the second class, the 
age-variation was from six hours to fifty-seven days; the length-meas- 
urements were from 150 to 265 mm. Of the nineteen, only four were 
less than ten days in age. 

Contrasted with the first group of kittens, which gave after decere- 
bration prolonged movements of progression, this second group shows 
a rather marked age-difference. Of the first group of twelve kittens, 
two-thirds were five days or under in age while only four out of the 
nineteen in the second group were under ten days inage. It would seem 
therefore, that as the kittens advanced in age, the tendency to pro- 
longed progressive movements after decerebration decreased markedly. 
The results are in no way absolute, but they indicate strongly an in- 
creasing tendency toward the disappearance of the very active type 
of reaction with the increasing age of the kittens. The animals must, 
however, be considered as individuals in their reflex-activities; indi- 
vidual differences probably account for the occurrence of the different 
types of reaction in kittens of the same age. 

The same comparisons of the ages of the kittens inay be made in re- 
gard to the occurrence of a definite type of extensor rigidity. Of the 
forty kittens in the series of decerebrate animals, twenty-four showed 
an extensor rigidity. Only four of the twenty-four animals were under 
ten days in age, and of these four animals the rigidity was considered 
as doubtful in three. Hence, it seems quite established that with the 
increasing age of the kittens subjected to decerebration the tendency 
toward the development of a true decerebrate rigidity becomes greater 
and greater. Likewise, the rigidity in the fore-legs of these animals 
develops first and appears more likely in the younger animals than a 
stiffness involving all four legs. 

Thus, on the basis of age, and also possibly on the basis of length of 
the animals, the tendency of the younger kittens after decerebration 
is to exhibit prolonged movements of true progression while in the older 
animals an extensor rigidity and short-enduring progression are more 
typical. The relation between the prolonged progressive movements 
and the extensor rigidity is in many ways suggestively reciprocal. 
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But a few of the animals which exhibited prolonged progressive move- 
ments also had a temporary extensor rigidity, which was abolished by 
the onset of the rhythmic beats. Individual variation, however, seems 
to be a very marked feature of the reflex-activity of these kittens and 
it seems to be the chief factor in the overlapping of the age-limits for 
the different reactions. 

By using kittens of the same litter, some very interesting results were 
obtained. It has been stated above that kittens of the same age did 
not necessarily give the same reactions. But when kittens of approxi- 
mately the same age are from the same litter, the tendency toward 
similarity of result becomes much greater. This is shown in the fol- 
lowing table: 


Reactions of decerebrate kittens—Litter E 


| | | | 
} GENERAL PROLONGED RIGIDITY RIGIDITY 
— | — | REACTIONS | PROGRESSION FORE-LEGS HIND-LEGS 
| mm. 
6 hours.........| 150 + + 0 0 
150 | + + 0 0 
+ | 0 | 0 


160 


This similarity in reaction of kittens of the same litter and of ap- 
proximately the same age is not invariable but was, in this series, 
found more frequently than was the dissimilarity. Such a finding would 
be expected, as many of the individual variations disappear in the 
animals of the same litter. As the animals of a litter grow older, varia- 
tions in the reactions of the individuals subjected to experimental pro- 
cedures at differing ages should be expected. Thus, in any one litter, 
the animals used when still very young should show the characteristic 
reflex-activities of animals of that age and the older animals the charac- 
teristics of their age. This is well brought out in the table which fol- 
lows; it shows also the apparent reciprocal relationship between the 
prolonged progressive movements and the extensor rigidity: 


Reactions of decerebrate kittens—Litter F 


GENERAL | PROLONGED RIGIDITY RIGIDITY 


LENGTH REACTIONS PROGRESSION FORE-LEGS HIND-LEGS 
days mm. | 
2 150 + | 0 0 
9 175 0 } 0 
44 220 } 0 


51 245 + 0 


2 
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There remains merely the cataloguing of the different reactions of 
kittens of approximately the same ages. The likelihood of this dis- 
similarity in animals of the same litter is much less than in those from 
different litters. In the table given below, five animals from different 
litters are recorded; the animals showing prolonged progressive move- 
ments are the oldest observed in this series. The table represents, 
then, the transition between the period of prolonged progression and 
that of the short-enduring type. And in this, the occurrence of the 
extensor rigidity in the front-legs is becoming more certain. Follow- 
ing is the table: 


Decerebrate kittens from different litters 


days mm 

12 195 4 0 0 

13 170 0 : + 0 

14 220 + + 0 

15 185 0 + 0 

16 190 a + 0 


It must be emphasized that all of the reactions recorded in the fore- 
going pages are those of acute experimentation. The reflex-activities 
of the kittens are those shown shortly after the experimental ablations. 
And in this connection, the peculiar activities of the twelve kittens 
which were characterized by the prolonged progressive movements 
certainly suggest the similar rhythmic movements of an adult animal 
from which the cerebral hemispheres have been removed. Such de- 
corticated adult cats, on suspension similar to that employed for these 
kittens, exhibit typical rhythmic progressive movements of all four 
legs as soon as the anesthesia has disappeared. These, like the beats 
in the very active kittens, may be inaugurated by noxious stimuli in 
the less active animals, but in the more active animals, as in certain of 
the kittens, almost any tactile excitation is sufficient. When placed 
on the floor, most of these adult decorticated animals will show pro- 
gressive movements, purposeful in every way. 

The occurrence of the definite progressive movements in most of the 
forty kittens subjected to decerebration is an interesting phenomenon 
in view of recent work concerning such rhythmic activities. In the 
sarly descriptions of decerebrate animals, particularly cats, as given 
by Sherrington (12), and Lowenthal and Horsley (11), no mention of 
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the occurrence of rhythmic movements in these animals is made. Sub- 
sequently Woodworth and Sherrington (21), using decerebrate cats 
for the purpose of ascertaining the spinal pathway for the “pseudaf 
fective reflex’’ (a stimulus producing pain in the intact animal), ob- 
served at times following the excitation (p. 235) “‘diagonal alternating 
movements of the limbs as in progression (sometimes producing pro- 
gression).”” In commenting further on the general reactions of these 
animals, they state (p. 235): “In some cases thé movements were 
vigorous and prompt but they never amounted to an effective action 
of attack or escape. A characteristic feature of the ineffectiveness was 
their brief duration. The movement even when most vigorous and 
prompt, died away rapidly, to be succeeded in some cases by a few 
weaker repetitions, each in succession weaker and more transient than 
the last.”” Sherrington (13) in his Silliman lectures in 1906, again 
mentioned the occurrence of rhythmic movements in decerebrate ani- 
mals (p. 252) in further discussion of the pseudaffective reflex. 
Graham Brown (9) has given (p. 147) a description of the condition 
of the monkey after 
the neuraxis is divided across slightly anterior to the anterior colliculi) 
or even when the division is through the anterior colliculi.””, He found 
that the animal was not perfectly immobile but that the winking move- 
ments of the eyelids and occasional movements of the eyes were ob- 
served. The animal often slowly changed its position with the occur- 
rence of a slow postural flexion and extension in the fore-legs. No 


‘ 


‘comparatively high decerebration (that is, when 


definite rhythmic progressive movements were recorded in his de- 
scription of the animal’s condition. 

From the results obtained by Woodworth and Sherrington in their 
study of the “pseudaffective reflex,” it seems established that adult 
decerebrate cats under appropriate noxious stimulation will give rhyth- 
mic movements of progression. These movements, rather rare, to 
judge from their report, are ineffective and of very brief duration. In 
the course of these experiments on kittens, a certain number of adult 
cats were subjected to the same ablations. These developed a typical 
extensor rigidity and showed the customary reactions of such animals. 
But when subjected to repeated noxious stimulations (strong pinching 
of the tail with instruments) very short-enduring rhythmic move- 
ments of all four legs were obtained. These were diagonal alternate 
movements, similar to those movements of progression described for 
the decerebrate kittens. The progressive beats in these adult prepara- 
tions, however, were never prolonged and were apparently entirely 
similar to those movements recorded by Woodworth and Sherrington 
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The interest in such progressive movements becomes much greater 
when considered in connection with the more recent conceptions of 
rhythmic alternation in the movement of antagonistic muscles or of 
limbs. The first steps in the solution of the rhythmic reaction were 
made by Sherrington (14) in 1910, when he suggested that the rhythm 
of the scratch reflex was conditioned by the interference between a 
maintained activity produced by a continuous skin stimulus and an 
antagonistic discontinuous activity from impulses in the moving limb 
itself. Later in the same year, Sherrington (15), further suggested that 
the stepping-reflex of the limbs might be due to an analogous rhythmic 
inhibition of a maintained activity by proprioceptive impulses from the 
moving limbs. In this same paper, he records the occurrence of these 
stepping movements in a de-afferented hind-leg as well as in the three 
normal legs. 

In 1911, Graham Brown (4) studied the progressive movements 
evoked by rapid division of the spinal cord in the lower thoracic region. 
These movements occurred when the recording muscles were de-af- 
ferented and when all the other muscles of both hind-legs were de- 
afferented. This indicated that the phenomenon of progression is con- 
ditioned centrally and not by a peripheral self-regulating mechanism. 
Later in the same year, Graham Brown (5) likened the phenomenon 
of “rhythmic rebound” to rhythmic progression, for the rebound was 
shown to be dependent upon a balance between antagonistic activities 
in the centers. 

Graham Brown (3, 7) also studied “narcosis progression” in the 
rabbit and cat; these movements are those of walking, running and 
galloping and occur usually in the stage of light narcosis. During sub- 
sequent experiments (4), the spinal cord was severed during the ‘‘nar- 
cosis progression ;”’ if the cutting be done during light narcosis, rhythmic 
movements are usually abolished for a short phase, but return; if the 
cord be severed during deep narcosis, there is usually no interruption 
to the rhythm. Progressive movements following stimulation of the 
spinal cord have also been described by Graham Brown (3). This 
investigator at the same time reported rhythmic phenomena (immediate 
and terminal) which were evoked by compound stimulation and oc- 
casionally by single peripheral stimulation. 

Shortly thereafter, Forbes and Graham Brown independently ob- 
tained rhythmic reactions during compound stimulations. Forbes (1) 
found that during simultaneous stimulation of two afferent nerves, 


Which when stimulated singly provoked antagonistic responses in the 
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knee extensor, rhythmic movements occur. He also evoked a rhythmic 
response in the same muscle from stimulation of a single nerve. Gra- 
ham Brown (6) likewise found that when two antagonistic stimuli are 
balanced against each other, rhythmic responses may be obtained in 
the decerebrate or low-spinal cat or in de-afferented preparations. The 
rate of movement in the experiments presented was one or two beats 
per second—a rate much slower than that recorded by Forbes; a dis- 
tinct resemblance of these movements to those of progression was 
noted. Rhythmic reactions were also obtained by stimulation of single 
nerves in both the low-spinal and decerebrate preparations. It seemed 
that this rhythm was not conditioned by the efferent neurones but by 
the balance of two activities in antagonistic neurones. 

Subsequently Graham Brown (8) described in detail rhythmic re- 
sponses to single stimuli. These, he found, were rare in the spinal 
preparation except immediately after section of the spinal cord. But 
in the decerebrate animal, rhythmic movements resembling those of 
scratching or of progression, were not uncommon both in the intact 
and de-afferented subject. Although the stimuli used were apparently 
simple, the rhythmic responses seemed to occur only during antagonized 
activation of the centers. 

Sherrington (16, 17) has investigated further the rhythmic responses 
in the flexors and extensors of the two knees. These rhythmic move- 
ments occurred during balanced antagonistic stimulation and were 
regarded as instances of reflex-stepping. Since then the phenomena 
of such rhythmic responses has been carefully studied by Sherrington 
and Graham Brown. From their work it is now possible to conclude 
that “rhythmic progression is conditioned by an equal balance of two 
antagonistic central activities’ (Graham Brown). The further ques- 
tion regarding the possible conditioning of the phenomenon of progres- 
sion by peripheral stimuli, or the possible consideration of progression 
as not being fundamentally reflex has been brought forward by Graham 
Brown (10). 

Considered from the standpoint of these more recent investigations 
of rhythmic movements and of progression, the movements of the de- 
cerebrate kittens here are of interest. The walking movements of the 
decerebrate preparation described by Woodworth and Sherrington (21) 
are apparently similar to the movements observed in this study. But 
obviously the rhythmic movements obtained by these workers were 
of very short duration and ineffectual. The rhythmic beats of the 
kittens were, at least in part, not of this character; they were effective, 
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purposeful movements of escape in which all four legs took part. Es- 
pecially in the twelve more active kittens, the inaugurating stimulus 
was very slight and differed markedly from the condition in the adult. 

The nature of the excitatory stimulus is of great interest when re- 
lated to the necessary conditioning of the rhythm by balancing two 
central antagonistic forces. In the less active animals, the stimula- 
tions were essentially noxious, but in the more active animals, the slight- 
est excitation sufficed. Perhaps the resultant rhythm is similar to the 
rhythmic beats obserfed by Forbes and Graham Brown in response 
to single excitations. Certainly the rate of the progressive rhythm 
coincides closely with that described by Graham Brown. It seems best, 
therefore, to consider these decerebrate kittens as being able to exhibit 
progressive movements in response to excitations of a single stimulus 
which may be of possibly different character. 


SUMMARY 


Out of forty kittens subjected to decerebration with removal of cere— 
bral hemispheres and basal ganglia above the anterior colliculi, twelve 
showed on appropriate excitation prolonged progressive movements. 
Eight of these twelve kittens were five days or underinage. The oldest 
kitten to show these long-enduring rhythmic beats was sixteen days 
in age. The other kittens of the series for the most part, gave only 
short-enduring progressive movements; the separation of these animals 
from the twelve is arbitrary but is based on differences in reflex-activity. 
In the majority of the twelve more active kittens, no decerebrate 
rigidity could be made out; the rigidity seemed present only in the 
older, less active kittens. An inexact reciprocal relationship between 
the occurrence of prolonged progressive movements in decerebrate 
kittens and an extensor rigidity is indicated. 
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